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Abstract 
Metal-organic frameworks (MOFs) are an emerging class of microporous, 
crystalline materials with potential applications in the capture, storage, and separation 
of gasses. Of the many known MOFs, the compound known as MOF-5 has attracted 
considerable attention due to its ability to store gaseous fuels at low pressure with high 
densities. However, low thermal conductivity and limited robustness upon exposure to 
water and other reactive species are two challenges which limit the application of 
MOF-5; similar issues plague several other MOFs. The focus of this dissertation is to 
understand and overcome these shortcomings through detailed experimental and 
computational characterization of the prototype compound, MOF-5. The insight 
provided by this study regarding the properties of MOFs will aid in the transition of 
these materials from lab bench to applications. 
Improvements to the thermal conductivity of MOF-5 are demonstrated using 
densified pellets consisting of a physical mixture of MOF-5 and expanded natural 
graphite (ENG). The high-aspect ratio of ENG particles, combined with uni-axial 
compression, results in anisotropic microstructural and thermal transport properties in 
the pellets. Perpendicular to the pressing direction the thermal conductivity was 
observed to be two to four times higher than in the orthogonal direction. We further 
demonstrate that this anisotropy can be exploited to enhance conductivity along a 
preferred direction in the pellets by altering the pellet processing conditions. We
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conclude that the low thermal conductivity typical of MOFs can be improved 
using a judicious combination of second phase additions and processing techniques.  
Regarding robustness, we first quantify experimentally the impact of humid air 
exposure on the properties of MOF-5 as a function of exposure time, humidity level, 
and morphology (i.e., powders vs. pellets). For humidity levels below 50% only minor 
degradation is observed for exposure times up to several hours. In contrast, irreversible 
degradation occurs in a matter of minutes for exposures above the 50% threshold. This 
transition in performance can be linked to the shape of the water isotherm, which shows 
a large increase in uptake at ~50% relative humidity. Densification into pellets can slow 
the degradation of MOF-5 significantly, and may present a pathway to enhance the 
stability of some MOFs.  
We subsequently examined the thermodynamics and kinetics of water 
adsorption/insertion into MOF-5 using van der Waals-augmented Density Functional 
Theory calculations and transition state finding techniques. Adsorption and insertion 
energetics were evaluated as a function of water coverage while accounting for the full 
periodicity of the MOF-5 crystal structure, i.e., without resorting to cluster 
approximations or structure simplification. We find that incoming water molecules 
preferentially adsorb at adjacent sites on Zn-O clusters rather than filling widely 
separated low energy sites. Our calculations also suggest that the thermodynamics of 
MOF hydrolysis are coverage dependent: water insertion into the framework becomes 
exothermic (with a low, 0.17eV activation barrier) only after a sufficient number of 
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H2O molecules are adsorbed on a Zn-O cluster. This observation is in good agreement 
with experimental measurements, which show that hydrolysis is slow at low water 
coverages and is preceded by an incubation period. 
The third component in our study of MOF-5 robustness involved cyclic and static 
exposure to impure hydrogen gas. Five impurity gas mixtures were prepared by 
introducing low levels of selected contaminants (NH3, H2S, HCl, H2O, CO, CO2, CH4, 
O2, N2, and He) to high-purity hydrogen gas. MOF-5 was exposed to these mixtures 
over hundreds of adsorption/desorption pressure cycles and for extended periods of 
static exposure lasting up to 1 week. Hydrogen chloride was the only impurity that 
yielded a measurable decrease in hydrogen storage capacity. Post-cycling and 
post-storage samples were analyzed using FTIR spectroscopy and x-ray diffraction. 
These analyses reveal slight changes in the spectra (compared to the pristine samples) 
only for those samples exposed to HCl and NH3 impurities. 
In closing, we briefly examine hydrogen permeation into- and the internal 
structure of- MOF-5 pellets using neutron and x-ray imaging techniques (tomography 
and radiography). Neutron tomography reveals the 3-dimensional distribution of the 
ENG network inside MOF-5/ENG composite pellets. MicroCT allows for the 
characterization of density variations within MOF-5 pucks. In situ neutron radiography 
shows that hydrogen permeation is rapid in densified MOF-5 bodies. 
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Chapter 1  
Introduction 
1.1 Motivation 
Fossil fuels—coal, petroleum (oil), and natural gas — have been an essential part 
of human beings’ lives for hundreds of years. These fuels are the major source for 
electricity generation, public transportation and tens of thousands of commercial goods 
such as ink, plastic and tires. According to the US Energy Information Administration 
(EIA), fossil fuels comprise 95% of the fuels used in transportation, and 67.2% of those 
used in electric power generation in the US[1]. Due to the long history associated with 
their use, the EIA credits fossil fuels for bringing about “one of the most profound 
social transformations in history.”  
However, like a double-edged sword, fossil fuels leave us many issues to address. 
The most urgent of these are: the greenhouse effect, atmospheric pollution, and 
resource exhaustion. 
1.1.1 Greenhouse effect 
The greenhouse effect is the process by which thermal radiation from a planetary 
surface is absorbed by atmospheric greenhouse gases, and is re-radiated in all directions. 
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Since part of this re-radiation is back towards the surface and the lower atmosphere, it 
results in an elevation of the average surface temperature above what it would be in the 
absence of the gases [2]. Human activities can strengthen the greenhouse effect, which 
is known as the enhanced (or anthropogenic) greenhouse effect[3]. This increase in 
radiative forcing from human activity is mainly due to increased atmospheric carbon 
dioxide levels[4]. According to the report from the National Oceanic & Atmospheric 
Administration (NOAA), the concentration of atmospheric CO2 has been continuously 
increasing from a baseline of 320 ppm since it was observed in the 1960s[5]. Figure 1.1 
shows the linear uptrend in CO2 concentration in the atmosphere from the 1960s to June 
2014, when the concentration hit 397 ppm. In May 2015 the NOAA’s Mauna Loa 
Observatory announced that the concentration of CO2 had reached 403.26 ppm, which 
is the highest level ever recorded[6].  
 
Figure 1.1 CO2 concentration (ppm) in atmosphere from 1960s to 2014. 
Human sources of carbon dioxide emissions have been growing since the 
Industrial Revolution. Human activities such as the burning of oil, coal and gas, as well 
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as deforestation are the primary cause of the increased carbon dioxide concentrations in 
the atmosphere. Figure 1.2 shows the sources of CO2 created by human beings. These 
data reveal that 87 percent of all human-produced carbon dioxide emissions come from 
the burning of fossil fuels like coal, natural gas and oil. The remainder results from the 
clearing of forests and other land use changes (9%), as well as some industrial 
processes such as cement manufacturing (4%)[7]. This leaves us the first question: Is it 
possible to find an alternative energy resource or ‘fuel’ that does not produce CO2 so as 
to minimize human contributions to the greenhouse effect?  
 
Figure 1.2. Human sources of carbon dioxide 
1.1.2 Air pollution 
Besides the greenhouse effect, another major issue facing humanity is air pollution. 
Air pollution is the introduction of particulates, biological molecules, or other harmful 
gases into Earth's atmosphere, causing disease, death to humans, damage to other living 
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organisms such as food crops, or the natural or built environment[8]. Air pollution may 
come from anthropogenic or natural sources. Several important pollutants are produced 
by fossil fuel combustion: carbon monoxide, nitrogen oxides, sulfur oxides, and 
hydrocarbons. 
Carbon monoxide (CO) is a by-product from the incomplete combustion of fossil 
fuels. Cars and trucks are the primary source of carbon monoxide emissions. This 
odorless, colorless, and poisonous gas can block oxygen from the brain, heart, and other 
vital organs after being inhaled. It has a severe effect on fetuses, newborn children, and 
people with chronic illnesses such as heart disease.  
Nitrogen dioxide (NO2) is formed in high temperature combustion. It can be 
observed as yellowish-brown haze over many cities. NO2 is a toxic gas that can cause 
lung irritation, bronchitis and pneumonia, and weaken the body’s resistance to 
respiratory infections. The transportation sector is responsible for close to half (47.8%) 
of the emissions of nitrogen oxides; power plants produce most of the rest (35.1%)[9]. 
Sulfur oxides, especially sulfur dioxide (SO2), are produced by power plants and 
motor vehicles from the burning the sulfur-containing fuels, especially diesel. 
According to the U.S. environmental protection agency, fuel combustion produces 84% 
of the nation's sulfur dioxide emissions[10]. Nitrogen oxides and sulfur oxides can form 
sulfuric and nitric acids and become part of rain and snow when they combine with 
water vapor in clouds. As these acids accumulate in lakes and rivers afterwards, plants 
and animals can no longer live nearby. Acid rain also adversely impacts crops and 
buildings.  
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Hydrocarbons are emitted from human-made sources such as auto and truck 
exhaust, the evaporation of gasoline and solvents, and petroleum refining. They react 
with nitrogen oxides in the presence of sunlight to form ground level ozone, a primary 
ingredient in smog. Although it is beneficial in the upper atmosphere, near the ground 
this gas may irritate the respiratory system, causing coughing, choking, and reduced 
lung capacity. 
These observations bring us to a second question: Is there any clean energy source 
or fuel that will not harm the environment? 
1.1.3 Resource exhaustion 
Fossil fuels are formed by natural processes such as anaerobic decomposition of buried 
organisms. Most fossil fuels are typically millions of years old, on some occasions the 
age exceeds 650 million years[11]. Even though fossil fuels are still continually being 
formed via natural processes, they are generally non-renewable resources due to the 
millions of years’ formation time, as well as because the known viable reserves are 
being used at a much faster rate than new ones are being made. 
The so-called “reserves-to-production ratio” (RP ratio) is often used in forecasting 
the future availability of a resource. The reserve portion (numerator) of the ratio is the 
amount of a resource known to exist in an area and to be economically recoverable 
(proved reserves). The production portion (denominator) of the ratio is the amount of 
resource used in one year at the current rate[12]. Although the reserve and production 
of a resource may change year by year, the RP ratio can give us a general sense about 
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when the resource will run out. According to the BP (British Petroleum) Statistical 
Review of World Energy 2014, the RP ratio for oil, natural gas and coal are 53.3, 55.1 
and 113 years respectively[13], which suggests that humanity will face resource 
depletion in this century. This brungs us a third question: Is there an abundant 
alternative resource that can avoid fossil fuel depletion? 
1.2 Hydrogen energy and hydrogen storage 
Hydrogen fuel is one promising energy candidate that can potentially address the three 
questions asked above. First, when generated using renewable sources such as wind or 
solar, it will not generate greenhouse gases. Obviously, hydrogen is carbon-free and 
will not generate CO2. Second, the combustion or use of hydrogen, such as in a 
combustion engine or fuel cell, will not contribute to air pollution. For hydrogen gas 
burning in an oxygen environment, the reaction is 2H2(g) + O2(g) → 2H2O(g). 
Although hydrogen combustion in the atmosphere may yield a small amount of 
nitrogen oxide, the majority emission is water vapor, which is friendly to 
environment[14]. Third, hydrogen is abundant, as more than 71% of the area of the 
Earth is covered with water. Hydrogen can be produced via electrolysis, in which 
electricity is used to separate the hydrogen and oxygen atoms. Electrolysis can use 
wind, solar, geothermal, hydro, fossil fuels, biomass, nuclear, and many other energy 
sources[15].  
However, since hydrogen has a very small density (0.08988 g/L at STP), it is very 
challenging to store and transfer. Although hydrogen has a gravimetric energy density 
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of 141.86 MJ/kg, which is more than 3 times larger than that of gasoline (46.4 MJ/kg), 
it has a very small volumetric energy density, ~ 0.01005 MJ/L at standard temperature 
and pressure. This density pales in comparison to liquid fuels such as gasoline, which 
has a energy density of 34.2 MJ/L [16, 17]. To improve the volumetric energy density, 
hydrogen gas is often stored in compressed form in high-pressure tanks at 350 bar 
(5,000 psi) and 700 bar (10,000 psi), for mobile storage in hydrogen vehicles[18]. 
However, this compression process requires compromises in cost and efficiency. The 
compression energy requirements for a final pressure of 800 bar would amount to about 
13% of the energy content of hydrogen, omitting electrical losses in the power supply 
system[19]. To achieve weights consistent with practical vehicular use, the vessels used 
to store hydrogen at high pressures are constructed of costly and lightweight carbon 
fiber. These systems are roughly an order of magnitude more expensive than an 
equivalent (plastic) gasoline tank[20]. Some observers have argued that public 
education programs are likely necessary before hydrogen vehicles will be widely 
adopted [21]. An alternative method for increasing the density of hydrogen is to liquefy 
hydrogen gas by cooling to ~20 K. However, the liquefaction process requires more 
than 1/3 of the hydrogen’s energy content, making this approach unattractive from an 
energy efficiency point of view [22].  
1.3 Metal organic frameworks 
Materials-based hydrogen storage techniques represent another strategy to increase the 
hydrogen storage density.  Such an approach takes advantage of adsorptive or 
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absorptive interactions between hydrogen and host material. Candidate hydrogen 
storage materials include conventional metal hydrides[23-26], complex 
hydrides[27-30], sorbents[31-37] and chemical hydrides[38-41]. These materials take 
advantage of either weak van der Waals interactions typical of the physisorptive 
binding of molecular H2 (common for adsorbents) or the strong chemisorptive binding 
of atomic hydrogen (typical of the other storage materials) [42].  
Within the adsorbent class of materials, metal organic frameworks (MOFs)[43-47] 
are very promising compounds. MOFs are nano-porous crystalline materials 
constructed from metal clusters called secondary building units (SBU) and organic 
linkers. First, they have extremely high surface areas [48-50]. Indeed, MOFs hold the 
record for surface area with some compounds exhibiting surface areas greater than 
7000 m
2
/g[48]. For example, NU-109E has a Brunauer-Emmett-Teller (BET) surface 
area of 7010 m
2
/g, and NU-110E has BET surface area of 7140 m
2
/g[48]. Moreover, 
these high surface areas directly contribute to the large gravimetric adsorption capacity 
of hydrogen gas[51-53], since increasing the surface area enhances the contact between 
hydrogen and the adsorbent [54]. MOFs also have highly tunable properties and 
ordered (crystalline) structure. A tunable, “building-block” approach to the MOFs 
synthesis can be applied due to the large number of possible clusters and linkers, 
resulting in a wide variety of MOF structures and compositions[55-58]. 
Tranchemontagne et al.[55] discussed 131 possible geometries of the SBUs, and 
demonstrated that metal ions in each topology could be substituted with other metals. In 
addition, Wilmer et al.[56] constructed 137,953 hypothetical MOFs by variously 
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combining 102 organic ligands and 5 SBUs. Also, differences in synthesis, filtration, 
drying, activation, and shaping can result in a wide variation in MOF properties such as 
pore volume, surface area, and crystallite size[59-62].  
1.4 Goals of this Research and Overview of this Dissertation 
Of the many known MOFs, the compound known as MOF-5 has attracted considerable 
attention due to its ability to store gaseous fuels at low pressure with high densities. 
However, low thermal conductivity and limited robustness upon exposure to water and 
other reactive species are two challenges which limit the application of MOF-5; similar 
issues plague several other MOFs. The focus of this dissertation is to understand and 
overcome these shortcomings through detailed experimental and computational 
characterization of the prototype compound, MOF-5. MOF-5 consists of ZnO4 clusters 
connected by 1,4-benzenedicarboxylate (BDC) linkers. While many of MOFs have 
been reported, we focus on MOF-5 as it represents the most widely studied MOF [36], 
and therefore serves as a de facto MOF “standard.” The MOF-5 samples examined 
have been produced by quasi-commercial-scale (i.e., pilot scale) production 
techniques[63, 64], and therefore serve as a reasonable approximation to the properties 
of a commercialized hydrogen adsorbent.  
Properties examined include base-line material properties such as: density, surface 
area, pore volume, particle size distribution, and differential hydrogen adsorption 
enthalpy. Thermal properties assessed include the conductivity and heat capacity.  
Techniques for improving thermal transport via 2
nd
 phase additions and alternative 
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processing methods such as tailored compression into pellets, are also explored.   
Additional experiments examined the kinetic and thermodynamic stability of 
MOF-5 under humid conditions, and robustness to ppm-level impurities present in 
‘dirty’ hydrogen fuel streams. Imaging analysis using x-ray and neutron-based 
techniques were used to assess hydrogen adsorption kinetics in situ and to characterize 
variations in pellet density and the distribution of 2
nd
 phase additions such as expanded 
natural graphite. Finally, first-principles simulations were used to  reveal the water 
insertion (i.e., hydrolysis) process in MOF-5, which results in structure decomposition. 
The insight provided by this study regarding the properties of MOFs will aid in the 
transition of these materials from lab bench to applications.   
Before proceeding further, we provide a brief outline of this thesis: 
In Chapter 2 we discuss the experimental and computational methodology. We 
start by introducing the principles and experimental details associated with pressure–
composition–temperature (PCT) measurement, , X-ray diffraction (XRD) and Fourier 
transform infrared spectroscopy (FTIR) measurements. Next, we introduce the 
fundamentals of Density Functional Theory and its extension to include van der Waals 
interactions (vdW-DFT).  
Chapter 3 presents a comprehensive assessment of the baseline thermophysical 
properties of MOF-5 =. Characterized properties include: packing density, surface area, 
pore volume, particle size distribution, thermal conductivity, heat capacity, stability 
against hydrolysis, differential enthalpy of H2 adsorption, and Dubinin–Astakhov 
isotherm parameters. Hydrogen adsorption/desorption isotherms were measured at six 
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temperatures spanning the range 77–295 K, and at pressures of 0–100 bar. 
Chapter 4 discusses the thermal properties of densified composites consisting of a 
physical mixture of MOF-5 and expanded natural graphite (ENG). ENG is used to 
enhance the intrinsically low thermal conductivity of these materials. Here we 
demonstrate that the high-aspect ratio of ENG particles, combined with uni-axial 
compression, results in anisotropic microstructural and thermal transport properties in 
composite MOF-5/ENG pellets. Microscopy of pellet cross-sections revealed a 
textured microstructure with MOF particle boundaries and ENG orientations aligned 
perpendicular to the pressing direction. This anisotropy is manifested in the thermal 
conductivity, which is two to four times higher in directions perpendicular to the 
pressing direction. We further demonstrate that this anisotropy can be exploited using 
two processing techniques. First, a custom die and densification process allows for 
reorientation of the preferred heat flow pathway. Second, a layered MOF-5/ENG 
microstructure increases the thermal conductivity by an order of magnitude, with only 
minor ENG additions (5 wt.%). These results reveal that anisotropic thermal transport 
in MOF composites can be tailored using a judicious combination of second phase 
additions and processing techniques. 
Chapter 5 quantifies the impact of humid air exposure on the properties of 
MOF-5 as a function of exposure time, humidity level, and morphology (i.e., powders 
vs pellets). Properties examined include hydrogen storage capacity, surface area, and 
crystallinity. Water adsorption/desorption isotherms are measured using a gravimetric 
technique; the first uptake exhibits a type V isotherm with a sudden increase in uptake 
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at ∼50% relative humidity. For humidity levels below this threshold only minor 
degradation is observed for exposure times up to several hours, suggesting that MOF-5 
is more stable than generally assumed under moderately humid conditions. In contrast, 
irreversible degradation occurs in a matter of minutes for exposures above the 50% 
threshold. Fourier transform infrared spectroscopy indicates that molecular and/or 
dissociated water is inserted into the skeletal framework after long exposure times. 
Densification into pellets can slow the degradation of MOF-5 significantly, and may 
present a pathway to enhance the stability of some MOFs. 
In Chapter 6 we characterize the atomic-scale mechanisms associated with the 
hydrolysis of MOF-5 using first-principles calculations. Understanding this process 
will aid in the design of new compounds that are stable against water and other reactive 
species. van der Waals-augmented Density Functional Theory and transition state 
finding techniques to predict the thermodynamics and kinetics of water 
adsorption/insertion into MOF-5. Adsorption and insertion energetics were evaluated 
as a function of water coverage, while accounting for the full periodicity of the MOF-5 
crystal structure, i.e., without resorting to cluster approximations or structure 
simplification. The calculations suggest that the thermodynamics of MOF hydrolysis 
are coverage dependent: water insertion into the framework becomes exothermic only 
after a sufficient number of H2O molecules are co-adsorbed in close proximity on a 
Zn-O cluster. Above this coverage threshold these formation of adsorbed clusters 
facilitates facile insertion via breaking of Zn-O bonds.  Under these conditions the 
barrier for water insertion is low (0.17 eV), indicating the likelihood for rapid 
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hydrolysis at the higher humidity levels where water clustering is expected. 
In Chapter 7 we studied the impact of contaminants in hydrogen gas used in fuel 
cell vehicles according to the purity standards outlined in SAE J2719. Five “impure” 
gas mixtures were prepared by introducing low levels of selected contaminants (NH3, 
H2S, HCl, H2O, CO, CO2, CH4, O2, N2, and He) to pure hydrogen gas. Subsequently, 
MOF-5 was exposed to these mixtures over hundreds of adsorption/desorption pressure 
cycles and for extended periods of static exposure lasting up to 1 week. Hydrogen 
chloride was the only impurity that yielded a measurable, albeit small, decrease in 
hydrogen storage capacity (from 6 to 5.8 wt.%, excess) during pressure cycling.  For 
the remaining impurities, there was no change in hydrogen uptake in response to either 
the cyclic or static exposure. Post-cycling and post-storage MOF-5 samples were also 
analyzed using FTIR spectroscopy and x-ray diffraction. These analyses reveal slight 
changes in the spectra (compared to the pristine samples) for those samples exposed to 
HCl and NH3 impurities. 
In Chapter 8 we introduce several imaging analysis method to characterize large 
scale of MOF-5 material. Neutron imaging radiography is used to get transient 
hydrogen distribution during adsorption and desorption. The steady state image 
obtained by neutron tomography helps to show the ENG(expanded natural graphite) 
network in the MOF-5/ENG pellet. What’s more, the density uniformity of MOF-5 
pellet is analyzed based on the image from microCT. The successful application of 
those imaging analysis method points out potential ways to get information of large 
scale MOFs in future hydrogen storage system. 
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Finally, Chapter 9 concludes this thesis with summary of our findings and a brief 
discussion of possible extensions. 
The main chapters of this dissertation (Chapter 3-8) include the results presented 
in the following publications: 
Paper 1:  Thermophysical Properties of MOF-5 Powders, Y. Ming, J. Purewal, 
D. Liu, A. Sudik, C. Xu, J. Yang, M. Veenstra, K. Rodes, R. Soltis, J. Warner, M. 
Gaab, U. Muller, and D. J. Siegel, Microporous and Mesoporous Materials, 185, 
235 (2014). DOI: 10.1016/j.micromeso.2013.11.015. 
Paper 2: Anisotropic Thermal Transport in MOF-5 Composites, Y. Ming, H. Chi, 
R. Blaser, C. Xu, J. Yang, M. Veenstra, M. Gaab, U. Muller, C. Uher, D.J. Siegel, 
International Journal of Heat and Mass Transfer, 82, 250 (2015). DOI: 
10.1016/j.ijheatmasstransfer.2014.11.053. 
Paper 3: Kinetic Stability of MOF-5 in Humid Environments: Impact of Powder 
Densification, Humidity Level, and Exposure Time, Y. Ming, J. Purewal, J. Yang, 
C. Xu, R. Soltis, J. Warner, M. Veenstra, M. Gaab, U. Mueller, and D. J. Siegel, 
Langmuir, 31, 4988 (2015). DOI:10.1021/acs.langmuir.5b00833 
Paper 4: Water Adsorption and Insertion in MOF-5, Y. Ming, D. J. Siegel, 
Submitted to Langmuir. 
Paper 5: Stability of MOF-5 in a hydrogen gas environment with expected 
fueling station impurities, Y. Ming, J. Purewal, J. Yang, C. Xu, A. Drews, M. 
Veenstra, M. Gaab, U. Müller, and D. J. Siegel, , submitted to International Journal 
of Hydrogen Energy.  
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Paper 6: In situ and real-time imaging analysis for large scale MOFs: hydrogen , 
ENG and density distribution, Y.Ming, J. Purewal, J. Yang, C. Xu, M. Veenstra, 
D.L.Jacobson, D.S. Hussey, D.J. Siegel. Draft.  
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  Chapter 2
    Methodology 
2.1 Volumetric PCT measurements 
Pressure-composition-temperature measurements (PCTs) are the most reported 
hydrogen storage measurement type in the literature. ‘Composition’ in this context is 
synonymous with the concentration of hydrogen in a sample. A PCT measurement is a 
collection of data points that records the pressure, concentration and temperature of a 
sample in equilibrium and relates the influence of external (or imposed) conditions on 
hydrogen concentration. PCTs are also commonly referred to as PCI 
(Pressure-Composition Isotherms) because they are taken at isothermal conditions. 
This minimizes the number of free variables and allows the relationship between 
concentration and pressure to be presented via two-dimensional graphics. The effect of 
temperature on hydrogen storage properties can be determined by comparing PCT 
isotherms measured at various temperatures. Because PCTs represent a sample in 
equilibrium, they can also be used to determine the thermodynamic properties of a 
hydrogen storage material. 
The operating principles of a PCT instrument are shown in Figure 2.1. The 
reservoir pressure (Vr) refers to the total volume before Valve 1. The sample volume 
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(Vs) is the total volume after Valve 1. For measurements using a LN2 bath, Vs is divided 
into two sub-volumes: 
 
Figure 2.1. Calculation of excess adsorption by the volumetric method. 
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the cold volume (Vc=r∙Vs, where 0<r<1) at sample temperature (Ts), and the warm 
volume (Vw=Vs-Vc) at the reservoir temperature (Tr). The value of r gives the fraction 
of Vs which is at the cold temperature (77K for liquid nitrogen), and can be determined 
empirically.  
Figure 2.1 illustrates the two steps in an adsorption cycle. First: Valve 1 is closed; 
the sample holder pressure is approximately unchanged from the end of the previous 
cycle (Pinit), while the reservoir pressure is set to the target pressure for the current cycle 
(Pr). Second: Valve 1 is opened, after several minutes an equilibrium pressure (Peq) is 
reached for the combined sample and reservoir volumes. The reservoir volume (Vr) is 
known, and the sample holder volume (Vs) is measured for each sample using the 
Volume Calibration procedure[65]. We can also estimate Vs if the volume of the empty 
sample holder is known and the skeletal density [The ratio of the mass of discrete pieces 
of solid material to the sum of the volumes of: the solid material in the pieces and 
closed (or blind) pores within the pieces, represented as ρsk] of the sample is known (i.e., 
Vs = Vs,empty – mass/ρsk). The density of hydrogen gas for each pressure-temperature 
pair, ρ[P,T], is estimated using the 14-term Helmholtz equation of state used in the 
NIST REFPROP 23 database. The excess adsorption for the current cycle is equal to 
ni-nf (ni and nf represent the amount of free H2 gas in the reservoir and sample holder 
before and after the valve opening, their expressions are shown in Figure 2.1). The 
cumulative excess adsorption for all adsorption cycles is then equal to the sum of the 
adsorption amounts for each cycle. 
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2.2 X-ray diffraction 
Materials having a (periodic) crystal structure can diffract radiation that has a 
wavelength similar to interatomic distances. X-ray wavelengths are on the order of a 
few angstroms, and are comparable to typical interatomic distances. During a 
diffraction measurement, X-rays impinging on the crystal will be scattered, and the 
scattered/diffracted beams can interfere constructively or destructively. As shown in 
Figure 2.2, if 1) the angle of incidence is equal to the angle of scattering; 2) the path 
length difference from two neighbor atoms is equal to an integer number of wave length, 
we will observe constructive interference following the equation 
2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                       (2.1) 
Where d is the separation of sample atoms, θ is the incident angle, λ is the wavelength 
of the X-ray beam. Since the structure of the crystal lattice varies from material to 
material, the X-ray diffraction pattern can be used to uniquely distinguish different 
materials. Additionally, a change in the pattern of a material corresponds to a change in 
its crystal structure. 
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Figure 2.2. X-rays reflected off adjacent planes. 
2.3 Surface area 
2.3.1 Langmuir Theory 
During gas adsorption, equilibrium will be established between the gaseous phase and 
the adsorbed gases on the adsorbent surface. The Langmuir theory describes the 
relationship between the number of active sites for adsorption on the surface as a 
function of pressure, by assuming an adsorbate behaves as an ideal gas at isothermal 
conditions and assuming the adsorbent to have an ideal solid surface composed of a 
monolayer of distinct sites capable of binding the adsorbate[65, 66]. The surface 
coverage θ follows the Langmuir equation: 
𝜃 =
𝑊
𝑊𝑚
=
𝐾𝑃
1+𝐾𝑃
  ,                (2.2) 
where K is the equilibrium constant, W and Wm are the adsorbed weight and 
21 
 
monolayer weights, respectively. A convenient form of equation               (2.2) 
is 
𝑃
𝑊
=
1
𝐾𝑊𝑚
+
𝑃
𝑊𝑚
  ,                    (2.3) 
where 1/Wm is the slope when plotting P/W vs. P, and can be determined by fitting the 
adsorption data. The sample surface area S can be extracted from equation (2.3) 
𝑆 =
𝑊𝑚𝑁𝐴𝐴
𝑀
  .                        (2.4) 
In this equation, NA is Avogadro's number, M is the molecular mass of the adsorbate, 
and A is the cross-sectional adsorbate area. 
2.3.2 BET theory 
BET theory, proposed by Brunauer, Emmett and Teller, is an extension of the 
Langmuir theory [66, 67]. Instead of assuming monolayer adsorption, it incorporates 
the concept of multimolecular layer adsorption. The BET equation is given by: 
1
𝑊(
𝑃
𝑃0
−1)
=
1
𝑊𝑚𝐶
+
𝐶−1
𝑊𝑚𝐶
(
𝑃
𝑃0
) ,                  (2.5) 
where P0 is the saturated pressure. The value of Wm can be extracted from the slope and 
intercept of a plot of l/W[(P0/P) - 1] versus P/P0: 
𝑊𝑚 =
1
𝑠𝑙𝑜𝑝𝑒+𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
   .                    (2.6) 
The BET surface area can then be calculated using equation (2.4) 
2.4 FTIR 
Fourier transform infrared spectroscopy (FTIR) is a technique applied to obtain an 
infrared spectrum of absorption, emission, and photoconductivity of a solid, liquid or 
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gas[68]. Compared to a dispersive spectrometer which measures intensity over a 
narrow range of wavelengths at a time, the FTIR spectrometer collects data at high 
spectral resolution over a wide spectral range. The term Fourier transform infrared 
spectroscopy is used because a Fourier transform is required to convert the raw data 
into the actual spectrum. 
In the FTIR measurement, infrared radiation is passed through the sample and a 
detector examines the transmitted light to measure how much energy has been absorbed 
at each wavelength. The concept of FTIR is based on the correspondence between 
adsorption energy and bond vibration energy. In covalent bonds, two atoms are held 
together because both nuclei are attracted to the same pair of electrons. The movements 
of the nuclei are known as molecular vibrations, which can lead to bond symmetric and 
asymmetric stretches, as well as bond bending. The stretching frequency of a bond is 
related to the masses of the two atoms connected by the bond and to the bond strength, 
which is then related to the force constant of the bond. For a bond in a diatomic 
molecule, the stretching frequency can be calculated according to the following 
equation: 
ν =
1
2πc
[
f(m1+m2)
m1m2
]1/2    ,                   (2.7) 
where ν is frequency, c is the velocity of light, f is the  force constant and m1 and m2 
are the masses of the two atoms. Since the parameters above are different for different 
types of bonds, and different functional groups absorb at known characteristic 
frequencies, the particular wavelength adsorbed by the sample in the FTIR spectrum 
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can reveal details regarding the molecular structure of the material.  
2.5 Thermal conductivity measurements 
2.5.1 Direct steady state heat flow method 
Low-temperature thermal conductivity was measured in the temperature range of 80 
to 300 K using a comparative method that is well-suited for materials having low 
thermal conductivity [69]. A rectangular-shaped sample with a cross section of 5 mm 
× 5 mm and length of 3 mm was sandwiched between two stainless-steel contacts 
(SS304) with the same cross section and thickness of 10 mm (initial attempts 
employed a longer sample with typical length of 10 mm. However, the radiation 
losses associated with a sample of this size led to poor estimates of the thermal 
conductivity). The temperature-dependent thermal conductivity of the stainless-steel 
contacts have been previously measured [70]. Stycast epoxy was used to reduce the 
contact resistance between the sample and the steel contacts, and did not permeate the 
samples. A strain gauge heater was mounted on top of one steel contact, while the 
other contact (placed under the sample) was connected to the heat sink, thereby 
generating a heat flux from the top of the pellet to the bottom [71, 72].  
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Figure 2.3. Thermal couple positions for the steady state heat flow method 
Measurements were conducted in vacuum to prevent parasitic convection and 
adsorption within the MOF pores. Two copper cylinders were mounted outside the 
cold finger as radiation shields. The temperature of the sample holder was controlled 
by a Lakeshore 340 temperature controller. Six thermocouples (TC1–TC6) were 
inserted into small-bore holes in the top (TC1, TC2) and bottom (TC5, TC6) steel 
plates and affixed to the top and bottom of the sample (TC3, TC4) [see Figure 2.3]. 
These probes were used to determine the heat fluxes through the steel contacts (TC5, 
TC6, TC1, and TC2) and the temperature drop across the sample (TC3, TC4) upon 
heating, from which the sample's thermal conductivity was derived. The sample’s 
thermal conductivity κ was determined using the 1D Fourier law: 
𝐾 =
𝑄∙𝑡𝑠
𝐴𝑠(𝑇3−𝑇4)
     ,                      (2.8) 
where ts and As are the sample thickness and cross-sectional area, and Q is the power 
through the sample. Q was estimated using the power Ab kb (T5-T6)/tb transferred 
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through the bottom steel plate, where kb is the thermal conductivity of the steel 
contact and tb is the distance between TC5 and TC6. T3, T4, T5, T6 are the 
temperatures measured using the thermocouples TC3, TC4, TC5 and TC6, 
respectively. Three major sources of error are associated with Q: uncertainty due to 
parasitic black-body radiation losses from the sample, uncertainty due to parasitic 
conduction losses through the thermocouples, and uncertainty in tb due to the nonzero 
thermocouple diameter. Uncertainty in ts due to surface roughness, uncertainties in 
temperature and voltage measurements, and the interfacial temperature drops at each 
end of the sample also contribute to the error. Accounting for the above sources of 
uncertainty, we estimate the maximum error in the thermal conductivity to be 18%. 
2.5.2 Laser flash thermal diffusivity measurement 
The laser flash method was developed by Parker et al. in 1961[73], and is widely used 
to measure thermal diffusivity of different materials. This method has the advantage of 
being fast while providing values with excellent accuracy and reproducibility. As 
shown in Figure 2.4, in a vertical setup a nearly instantaneous pulse of energy heats the 
plane-parallel sample from the front face (bottom side), and the time-dependent 
temperature rise of the rear face of the sample is recorded by a detector on top. The 
higher the thermal diffusivity of the sample, the faster the energy reaches the backside. 
Assuming the sample is isotropic and thermal transport is adiabatic (no heat loss), the 
thermal diffusivity 𝛼 then can be determined from the sample thickness (d) and the 
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time (t1/2) needed for the sample rear face to reach half of the maximal temperature 
increase: 
𝛼 = 0.1388 ∙
𝑑2
𝑡1/2
     .          (2.9) 
Several improvements have been made by considering radiation and convection 
on the surface, transient heat transfer, finite pulse effects and also heat losses[74-76].   
 
 
Figure 2.4. Schematic of the laser flash method. 
2.5.3 Thermal capacity measurement (DSC) 
Differential scanning calorimetry or DSC is a thermoanalytical technique developed by 
E.S. Watson and M.J. O'Neill in 1962[77]. In the DSC technique heat effects associated 
with phase transitions and chemical reactions are monitored as a function of 
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temperature. In a DSC the difference in the amount of heat flowing into a sample and a 
known reference in a certain time is recorded as a function of temperature. The 
reference could be an inert material such as alumina, or just an empty aluminum pan. 
During the measurement, both sample and reference temperatures are increased at a 
constant rate, and the whole process is conducted under a constant pressure. Since the 
heat flow is equivalent to an enthalpy change, we have 
(
𝑑𝑞
𝑑𝑡
)𝑝 =
𝑑𝐻
𝑑𝑡
      .                 (2.10) 
The heat flow difference between the sample and the reference can be expressed as: 
∆
𝑑𝐻
𝑑𝑡
= (
𝑑𝐻
𝑑𝑡
)𝑠𝑎𝑚𝑝𝑙𝑒 − (
𝑑𝐻
𝑑𝑡
)𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  .          (2.11) 
According to the definition of heat capacity 
𝐶𝑝 = (
𝑑𝑞
𝑑𝑇
)𝑝 = (
𝑑𝐻
𝑑𝑇
)𝑝  ,                (2.12) 
and knowing the temperature scan rate, 
𝑟 =
𝑑𝑇
𝑑𝑡
   ,                      (2.13) 
we can then rewrite equation (2.12) as 
𝐶𝑝 = (
𝑑𝐻
𝑑𝑇
)𝑝 =
𝑑𝐻
𝑑𝑡
∙
𝑑𝑡
𝑑𝑇
=
𝑑𝐻
𝑑𝑡
∙
1
𝑟
    .          (2.14) 
The difference of heat capacity between sample and reference can be expressed by 
combining equations (2.11) and (2.14): 
∆𝐶𝑝 = 𝐶𝑝𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐶𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = ∆
𝑑𝐻
𝑑𝑇
= ∆
𝑑𝐻
𝑑𝑡
∙
1
𝑟
   .    (2.15) 
Once we know the heat capacity of the reference, we can determine the sample heat 
capacity.  
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2.6 Density Functional Theory 
2.6.1 Conventional Density Functional Theory 
Density Functional Theory (DFT)[78, 79] is a widely-used approach to solve the 
Schrödinger equation in a many-body system. For a many-body system consisting of N 
electrons and M ions, the Schrodinger equation can be written as: 
ℋΨ(𝑟1, 𝑟2, ⋯ , 𝑟𝑁; 𝑅1, 𝑅2, ⋯ , 𝑅𝑀) = 𝐸Ψ(𝑟1,⋯ , 𝑟𝑁; 𝑅1, ⋯𝑅𝑁)    (2.16) 
In equation (2.16) H, Ψ, and E are the Hamiltonian operator, the many-body 
wavefunction, and the total energy of system, respectively. All interactions between 
electrons and nuclei are included in H: 
ℋ = 𝑇𝑖 + 𝑇𝐼 −
1
2
∑
𝑍𝐼𝑒
2
|𝑟𝑖 − 𝑅𝐼|
𝑖,𝐼
+
1
2
∑
𝑒2
|𝑟𝑖 − 𝑟𝑗|
+
𝑖≠𝑗
1
2
∑
𝑍𝐼𝑍𝐽𝑒
2
|𝑅𝐼 − 𝑅𝐽|𝐼≠𝐽
 (2.17) 
Here Ti and TI represent the kinetic energy of electrons and nuclei; and the remaining 
three terms are expressions for ion-electron, electron-electron and ion-ion electrostatic 
interactions, respectively. However, the wavefunction Ψ has 3N+3M degrees of 
freedom, making it impractical to solve this equation analytically in all but the smallest 
of systems. 
 The Born-Oppenheimer approximation[80], which assumes the nuclear positions 
as frozen due to the large nuclear mass compared to that of electrons, can reduce the 
3N+3M degrees of freedom to 3N. Under this approximation, the many-body 
Hamiltonian [equation (2.17)] can be decoupled into an electronic part and a nuclear 
part. For the purposes of understanding bonding interactions and the thermodynamics 
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of adsorption it is sufficient to only solve the electronic part explicitly. 
Density Functional Theory (DFT) further reduces the complexity of this problem 
by introducing the concept of charge density. Hohenberg and Kohn[78] demonstrated 
that the ground state charge density, no(r), for a system of electrons in an external 
potential, Vion(r), uniquely determines that potential up to an arbitrary constant. Also, 
Kohn and Sham[79] proved that the total energy of the system is a universal functional 
of the charge density, E[n(r)], which will reside in a global minimum (i.e., the ground 
state energy) when the charge density is in its ground state, no(r). 
DFT makes it possible for the many-body problem to be expressed using the 
charge density rather than the 3N-dimensional wavefunction [79] : 
𝐸[𝑛(𝑟)] = 𝑇0[𝑛(𝑟)] + ∫𝑉𝑖𝑜𝑛(𝑟)𝑛(𝑟)𝑑𝑟 + 𝐸ℎ[𝑛(𝑟)] + 𝐸𝑋𝐶[𝑛(𝑟)].  (2.18) 
In equation (2.18), T0[n(r)], Vion(r), Eh[n(r)], and EXC[n(r)] represent the many-body 
kinetic energy, ionic potential, the classical Coulomb interaction, and the exchange 
correlation energy, respectively. Some of these interactions can be expressed as: 
𝑇0[𝑛(𝑟)] =
−ℏ2
2𝑚𝑒
∑⟨𝜓𝑖|∇
2|𝜓𝑖⟩
𝑁
𝑖=1
 (2.19) 
𝐸ℎ[𝑛(𝑟)] =
1
2
∫
𝑛(𝑟)𝑛(𝑟′)
|𝑟 − 𝑟′|
𝑑𝑟𝑑𝑟′ (2.20) 
𝑛(𝑟) =∑|𝜓𝑖(𝑟)|
2
𝑁
𝑖=1
 (2.21)  . 
Equation (2.21) expresses the charge density in terms of non-interacting single-particle 
wavefunctions, 𝜓𝑖 . The exchange-correlation energy EXC contains all 
quantum-mechanical effects not included by the other terms in the energy functional, 
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such as electron exchange and correlation.  
Equation (2.18) can be solved via direct minimization or through a self-consistent 
approach using a set of single-particle Schrödinger-like equations, shown as equation 
(2.22), called the Kohn-Sham equations for non-interacting wavefunctions [79]. 
ℎ̂𝜓𝑖(𝑟) =  [
−ℏ2
2𝑚
∇2 + 𝑉𝑒𝑓𝑓[𝑛(𝑟)]]𝜓𝑖(𝑟) =  𝜖𝑖𝜓𝑖(𝑟) (2.22) 
 𝑉𝑒𝑓𝑓[𝑛(𝑟)] =  𝑉𝑖𝑜𝑛[𝑛(𝑟)] + 𝑉ℎ[𝑛(𝑟)] + 𝑉𝑋𝐶[𝑛(𝑟)] (2.23) 
𝑉ℎ[𝑛(𝑟)] =
𝛿𝐸ℎ[𝑛(𝑟)]
𝛿𝑛(𝑟)
 (2.24) 
𝑉𝑋𝐶[𝑛(𝑟)] =
𝛿𝐸𝑋𝐶[𝑛(𝑟)]
𝛿𝑛(𝑟)
 (2.25) 
The expression of the exchange and correlation energy is required to solve the 
Kohn-Sham equations. Unfortunately, the exact form of this functional is unknown. In 
this case, an approximation for EXC is needed, and the quality of this approximation 
largely determines the accuracy of the DFT method. The most common approach is to 
adopt a local approximation [79]. In general, EXC can be expressed using the 
exchange-correlation energy density, 𝜖𝑋𝐶: 
𝐸𝑋𝐶[𝑛(𝑟)] = ∫𝜖𝑋𝐶[𝑛(𝑟)]𝑛(𝑟)𝑑𝑟.   (2.26) 
The local approximation assumes that 𝜖𝑋𝐶 at some point r within the system is equal to 
the exchange-correlation energy in a homogenous electron gas of the same density, 
n[r]: 
𝜖𝑋𝐶[𝑛(𝑟)] = 𝜖𝑋𝐶
ℎ𝑜𝑚[𝑛(𝑟)] .   (2.27) 
The EXC of a homogenous gas can be accurately solved using Quantum Monte Carlo 
(QMC). [81] 
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The Generalized Gradient Approximation (GGA)[82] is another widely used 
approximation in modern DFT calculations. This functional further improves the 
accuracy of the calculation by incorporating gradients in the density. The DFT/GGA 
approach has proven successful in predicting the properties of many classes of 
materials. However, it yields poor predictions when treating systems exhibiting 
non-local, long-range dispersion energies such as during the physisorption [78, 83, 84]) 
of molecules on surfaces.  
Recently, van der Waals interactions have been included in several density 
functionals [84-92]. Two notable methods are the semi-empirical approach of Grimme, 
variously referred to as DFT-D1[93], DFT-D2[94], and DFT-D3[95], and the 
non-empirical vdW-DF method of Dion et al. [96] These methods have demonstrated 
improved accuracy at moderate computational cost across a range of chemical 
environments [85, 97-101].  
More details regarding the vdW-DF method will be discussed here since it is the 
primary approach used in Chapter 6. The starting point of vdW-DF methods are the 
adiabatic-connection fluctuation−dissipation (ACFD) theorem [102] and the 
plasmon-pole approximation for the response of electron density. In this method [96] 
the correlation energy is divided into local (𝐸𝑐
0) and non-local (𝐸𝑐
𝑛𝑙) parts, 
𝐸𝑐 = 𝐸𝑐
0 + 𝑐
𝑛𝑙     (2.28) 
With the total exchange-correlation energy given by:  
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𝐸𝑋𝐶 = 𝐸𝑋
𝐺𝐺𝐴 + 𝐸𝑐
0 + 𝐸𝐶
𝑛𝑙    (2.29) . 
In equation     (2.29), 𝐸𝑋
𝐺𝐺𝐴 is GGA exchange energy, and 𝐸𝑐
0 is the local 
part of the correlation energy, which is treated within the LDA. The nonlocal 
component 𝐸𝑐
𝑛𝑙 accounts for long-ranged electron correlation effects responsible for 
van der Waals interactions, and is evaluated using a double integral over electron 
densities n(r) at two different locations, r and r’: 
𝐸𝑐
𝑛𝑙 =
1
2
∬𝑛(𝑟)Φ(𝑟, 𝑟′)𝑛(𝑟)𝑑𝑟𝑑𝑟′.    (2.30) 
Φ(𝑟, 𝑟′) is a non-local kernel, which is a operator of the charge density, its gradient at r 
and r’, and |𝑟 − 𝑟′| . Since Enl is only a function of distance, evaluation of 
equation(2.30) can be expedited by tabulating it in terms of r and r’ in advance. 
Additional information can be found in Ref. [94]. 
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  Chapter 3
Thermophysical Properties of MOF-5 Powders 
3.1 Introduction  
Metal-organic frameworks, a relatively new class of crystalline, high-surface area 
materials [103, 104], are in the process of transitioning from the laboratory to 
commercial applications [105-111]. To facilitate this transition, knowledge of the 
physical and thermal properties of MOFs, typically in powder form, is essential. This 
data is needed for applications including gas capture and storage, catalysis, and gas 
separations.  In the case of hydrogen storage, we note that an abundance of H2 uptake 
measurements exist for MOFs [104, 112, 113]. Nevertheless, several other material 
properties needed for the design and modeling of a complete hydrogen storage system 
have received much less attention. For example, models originally developed for 
packed bed adsorbents used in pressure swing adsorption (PSA) processes have been 
adapted for sorption-based hydrogen storage at cryogenic[114] and ambient 
conditions[115]. These models aim to describe thermal and mass-transfer effects during 
charge and discharge.  However, when parameters in the governing equations are not 
known from measurements, they must be estimated from existing, and potentially 
incompatible data. The availability of accurate thermophysical properties such as 
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packing density, thermal conductivity, particle size distribution, along with an accurate 
equilibrium pressure-temperature-composition (PCT) equation of state for the adsorbed 
hydrogen, will greatly benefit the accuracy of these models and allow their use in 
making performance projections and for design optimization. 
It is well known that differences in synthesis, filtration, drying, activation, and 
shaping can result in a wide variation in MOF properties such as pore volume, surface 
area, and crystallite size [60, 116-118]. However, with the advent of reproducible, 
commercial-scale production techniques [119, 120], it is now possible to establish a 
“standard” set of properties for many MOFs. Here we present measurements of 
structural, thermal, and hydrogen storage properties of the benchmark cryo-adsorption 
material MOF-5. While many of MOFs have been reported, in this chapter we focus on 
MOF-5 as it represents the most widely studied MOF [121]. MOF-5 consists of ZnO4 
clusters connected by 1,4-benzenedicarboxylate (BDC) linkers. We report an extensive 
set of MOF-5 material properties, including: density (and its dependence on tapping 
conditions), surface area, pore volume, particle size distribution, thermal conductivity, 
heat capacity, robustness with respect to humid air, and differential adsorption enthalpy. 
We also determine parameters for a modified Dubinin-Astakhov[122] model in order to 
predict the uptake of adsorbed H2 within MOF-5 over the temperature range of 77-295 
K and the pressure range of 0-100 bar. The MOF-5 properties reported here should 
facilitate predictions of system-level properties such as hydrogen discharge pressures, 
refueling dynamics, and capacity, while enabling other MOF applications beyond 
35 
 
hydrogen storage. 
3.2 Experimental Procedure 
3.2.1 Materials Preparation 
A summary of the conventional and electrochemical-based processes for industrial 
MOF synthesis is given in Ref [106]. The conventional synthesis process for MOFs 
involves combining metal salts (e.g., metal nitrates, sulfates, or acetates) with 
multi-topic organic linkers, the latter most commonly consisting of mono-, di-, tri- or 
tetracarboxylic acids. These constituents are dissolved together and stirred in a polar 
organic solvent such as an amine [e.g. triethylamine (TEA)] or amide [e.g. 
N,N-diethylformamide (DEF), N,N-dimethylformamide (DMF)]. MOF crystallites then 
form via self-assembly and subsequently precipitate from the solution within minutes 
to hours. Typical synthesis temperatures range from ambient up to approximately 
200°C. After filtration, washing, and drying, the crystalline product is obtained in the 
form of a powder. Depending on the desired application, the powder can be further 
processed into compacts (e.g., pellets, strands, etc.)[106, 123, 124]. 
Laboratory-scale MOF synthesis procedures have recently been scaled from 
multi-kg to tons of product per batch, which will facilitate commercial applications of 
these materials[63, 64]. Moreover, sustainability is a big concern and was achieved by 
replacing solvent-based by water-based procedures[64]. Example space-time-yields 
(STY) for the synthesis of MOF (and other framework) materials observed in 
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laboratory and industrial settings are given in Table 3.1. Up to three orders of 
magnitude improvement in STY is observed in transitioning from laboratory to 
commercial settings. 
In the present study, MOF-5 powders were synthesized by BASF at room 
temperature using a procedure described by Yaghi and coworkers starting from 
1,4-benzene dicarboxylic acid (H2BDC, C8H6O4, Merck), zinc acetate dihydrate 
(Zn(CH3COO)2·2H2O, Merck), and N,N-dimethylformamide (DMF, BASF AG) [125]. 
In a glass reactor equipped with a teflon-lined stirrer, 130 g of Zn(CH3COO)2·2H2O 
was dissolved in 1200 ml DMF. Within 2 hours, a solution of 37.5 g of H2BDC in 950 
ml DMF was added under rigorous stirring. The precipitate was filtered off, washed 
three times with 1 L of dry acetone and dried under a stream of flowing nitrogen. Given 
the low vapor pressure of conventional MOF synthesis solvents (e.g. DMF has a vapor 
pressure of approximately 4 torr at 25ºC), solvent exchange to a more volatile solvent 
(e.g. acetone has a vapor pressure of approximately 270 torr at 25ºC) has been shown to 
be an effective method for solvent removal.  Prior to characterization, MOF-5 was 
heated and evacuated at 130ºC and 50 mtorr for 1-3 hrs, yielding the desolvated or 
so-called ‘activated’ form of the material. An alternative route to desolvation of MOFs  
 involves a liquid or super-critical CO2 solvent removal process [126]. The wet 
chemical analysis of the obtained solid yielded 34 wt% Zn, equivalent to 92% molar 
yield of MOF-5 calculated as Zn4O(BDC)3. The concentration from residual nitrate 
amounted to be less than 0.05 wt% N. Cubic shaped crystals with a size of < 1μm were 
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observed by scanning electron microscopy (see Section 3.3.1.3 below). Powder x-ray 
diffraction was also performed to characterize the crystallites (See Figure 12 in Sec. 
3.3.4.)  
Table 3.1. Comparison of space-time-yields (STY) for synthesis of various framework 
materials in both laboratory and commercial settings. MeIM=2-Methylimidazolate, 
BTC=benzene-1,3,5-tricarboxylate , BDC=1,4-benzene dicarboxylate 
Composition
 
Literature Name 
Laboratory 
STY 
(kg/m
3
/d) 
Ref. 
Commercial 
Name 
Industry 
STY 
(kg/m
3
/d) 
Ref. 
Zn4O(BDC)3 MOF-5 IRMOF-1 0.21 [116] 
Basolite 
Z100H 
299 - 
Cu3(BTC)2 HKUST-1 8.6 [116] 
Basolite 
C300 
225 [106] 
Zn(MeIM)2 ZIF-8 1.3 [116] 
Basolite 
Z1200 
160 [106] 
Aluminum-fumarate 
Aluminum-fumarate 
MOF 
~30 [116]
 
Basolite 
A520 
up to > 
3600 
[64] 
3.2.2 Materials Characterization  
An extensive set of techniques was used to characterize several properties of the 
MOF-5 powders obtained, including: crystallinity, surface area, pore volume, particle 
size distribution, density, heat capacity, thermal conductivity, robustness with respect to 
humidity, and hydrogen storage properties.  
3.2.2.1 Powder x-ray diffraction (PXRD) 
MOF-5 powders were loaded into a flat sample holder under a dry nitrogen atmosphere 
and covered with a plastic foil to minimize degradation due to air moisture during 
analysis. The samples were measured at room temperature in reflection mode with a 
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powder x-ray diffractometer (Rigaku Miniflex II) between 2° and 70° (2-Theta) with a 
step width of 0.02° and a measurement time of 3.6s per step. The powder X-ray 
diffraction (XRD) pattern was obtained using a scanning rate of 0.33°/min with 2θ from 
2° to 70°. 
3.2.2.2 Surface area and pore volume 
Surface area was measured at 77 K using nitrogen sorption in an Autosorb AS6B-KR 
(Quantachrome Instruments). Prior to the measurement, the MOF-5 sample (31.6 mg) 
was placed in the sample cell and activated at 10
-4
 mbar for 2 hours at 130 
o
C. Surface 
area values were calculated using the Brunauer-Emmet-Teller (BET) equation [127] 
according to DIN 66131 (Determination of specific surface area of solids by means of 
gas adsorption after BET). The pore volume and area distribution were calculated 
applying the Barrett-Joyner-Halenda (BJH) equation [128] on the isotherm data 
according to DIN 66134 (Mesopore Analysis by Nitrogen Sorption using the Method of 
BJH).  (See Section 3.1.1 below for results). 
3.2.2.3 Particle size  
Scanning electron microscopy (SEM) images were taken with a JEOL JSM 6400F 
Field Emission SEM with an acceleration voltage of 5 kV. Prior to SEM imaging, the 
MOF crystals were sputtered with a thin Au/Pd layer to make their surface electrically 
conducting. ImageJ software was used for image analysis [129]. Crystal size statistics 
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were determined based on three unique SEM images comprising a total of 182 
measured MOF-5 crystallites. The crystals generally possessed a cubic morphology; 
diameter measurements were taken along the diagonal of the cube face.  (See Section 
3.3.1.2 below for results).   
3.2.2.4 Density 
The volumetric density of stored hydrogen is an important performance metric for 
mobile fuel cell applications. The densities of high-surface-area materials can be quite 
low, ranging from 0.1 to 0.4 g/cm [105, 123, 124].
 
Consequently densification into 
pellets or custom-molded monoliths has been explored for such materials as 
MOF-177[130, 131],
 
MOF-5[124] and activated carbons[132], resulting in higher 
densities of 0.5–0.8 g/cm3.  
 Three varieties of density are of relevance for MOF powders: bulk density, 
framework density, and single crystal density.  Bulk powder density includes all 
interparticle voids, along with all open and closed pore intraparticle volumes, as part of 
the total sample volume.  In contrast, the framework density (i.e., skeletal density) 
includes only closed pore volumes and the volume occupied by the covalently-bonded 
framework atoms. Single crystal density includes both open and closed pore volumes.   
 Measurements of bulk density can result in a range of values due to differences in 
the number of taps (if any), size of the container, packing force, and particle size (the 
latter quantity can itself be affected by the processing procedure, e.g., milling).  In gas 
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storage applications it is desirable to completely fill the storage vessel with MOF 
powder in a manner that minimizes the presence of large voids. Repeated tapping 
and/or vibration of the powder and vessel can accomplish this. A standardized value for 
the packing or tap density can be measured using DIN ISO 787 Part II, ISO 3953, or 
ASTM B 527-93 using a jolting volumeter. The bulk density (ρbulk) of MOF-5 was 
determined by completely filling a stainless steel cylindrical vessel of known mass and 
volume (0.75 mL) with MOF powder. The filling process involved the incremental 
addition of small amounts of material to the vessel followed by light tapping. 
Measurements were repeated three times; the measured values deviate from one 
another by less than 5%. Additional measurements were performed using different 
numbers of taps and container volumes to evaluate the effects on tap density.  In 
addition, a tap density measurement was taken using the standardized jolting 
volumeter.   
The single crystal density (ρsx = 0.605 g/cm
3
) was obtained from Ref. [117]. The 
framework density (ρfm), or skeletal density, was determined by helium density 
measurements using an AccuPyc 1330 Pycnometer (Micrometritics). For this 
measurement 8.0 mL of MOF-5 was placed in the standard sample holder at ambient 
temperature. Research grade helium was used. The measurements were repeated until 
the reproducibility was within +/- 0.005 g/mL.   
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3.2.2.5 Heat capacity 
The heat capacity (cp) was measured by a dynamic heat flow difference calorimeter 
(Mettler TA 3000). The MOF-5 sample (5.5 mg) was placed in an open alumina 
crucible under inert nitrogen and heated at a rate of 5 ºC/min from approximately 220 to 
370 K with a metering range of 10 mW. The difference in the amount of heat required to 
increase the temperature of the sample compared to that of the reference material 
(sapphire with cp = 30.9 mg) is measured as a function of oven temperature according to 
DIN 51007 (General principles of differential thermal analysis). 
3.2.2.6 Thermal conductivity 
The thermal conductivity of MOF-5 was calculated based on the product of its heat 
capacity, thermal diffusivity, and density. Thermal diffusivity measurements were 
performed with a commercial xenon flash thermal diffusivity instrument (Anter 
Flashline, FL3000S2) operating at 700 W, using 12.7 mm diameter pellets with an 
average thickness of 2 mm and densities of 0.35, 0.52, and 0.69 g/cm
3
. The pellets were 
kept under a N2 atmosphere during measurements to limit the effects of humidity. A 
thin layer of silver paint was applied to the top surfaces of the pellets to prevent them 
from fracturing during measurement. The lower surfaces (i.e., the side incident to the 
light) of the pellets were coated with graphite to improve adsorption of light.  A 
5 K/min ramp rate was used[133]. 
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3.2.2.7 Hydrogen storage isotherms 
Hydrogen adsorption measurements were performed using an automated Sievert’s-type 
apparatus (Setaram, PCT-Pro 2000) with an oil-free scroll vacuum pump (Anest Iwata, 
model ISP90). The mass of MOF-5 loaded for adsorption measurements was 436 mg.  
Prior to measurements, the MOF-5 powder was activated for at least 6 hours under 
continuous vacuum (3 hrs. at room temperature followed by 3 hrs. at 130°C). The void 
volume of the sample, vessel, and gas lines was determined based on the expansion of 
low-pressure (< 5 bar) helium gas while maintaining isothermal conditions at 
approximately 28ºC. This assumes that helium does not appreciably interact (adsorb) 
with the MOF sample under these conditions.   
 Adsorption isotherms were measured at six sample temperatures: 77, 103, 118, 138, 
200 and 295 K. The 77 K isotherm was measured by immersing the sample holder in a 
liquid nitrogen bath; the 200 K isotherm was measured by covering the sample holder 
in solid CO2 powder; the 295 K isotherm was measured at ambient temperature. For 
intermediate temperatures (103 K, 118 K, 138 K), the sample was cooled to the target 
temperature using a continuous flow liquid nitrogen cryostat (CryoPro-2009, Setaram).  
The sample temperature was monitored with an internal platinum resistance 
thermometer in direct contact with the powder. The temperature of the sample vessel 
was regulated by a temperature controller that operates heaters located on the exterior 
of the sample vessel and bottom of the Dewar surrounding the sample vessel. The 
sample vessel was allowed to equilibrate at the target temperature for approximately 
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one hour.     
 Hydrogen adsorption isotherms were measured by the volumetric method[134]. To 
correct errors caused by the temperature gradient between the reservoir sub-volume 
(maintained at 27.6ºC), sample sub-volume (set at cryogenic target temperature), and 
tubing sub-volume (
1
/8''
 
tubing to minimize the volume), a separate hydrogen density 
was calculated for each sub-volume. A calibration test was performed using non-porous 
Al2O3 powder for each sample temperature, using conditions (e.g. reservoir and sample 
volumes, etc.) identical to that for the sample. Maximum error during calibration tests 
was typically 0.3 mmol of H2 (at 77 K), in comparison to the 10 mmol of H2 that was 
adsorbed at 77 K. The equilibrium gas phase density (ρg) was calculated from the 
equation of state for normal hydrogen by Leachman et al[135] employed in the NIST 
Standard Reference Database[136]. All experiments used ultra-high purity grade 
(99.999%) hydrogen and helium.  
3.2.2.8 Robustness with respect to air exposure 
Previous studies have shown that MOF-5 will decompose in air under humid 
environments [137, 138]. Consequently, robustness to humid air is an important 
property since it can impact the manufacturing and assembly of the material in a 
hydrogen storage system, as well as its long-term stability upon cycling. The impact of 
exposing MOF-5 to air was assessed using hydrogen uptake measurements (PCT-Pro 
2000, Setaram) and time resolved x-ray diffraction. For PCT measurements, two grams 
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of MOF-5 powders were removed from the glovebox and placed on the lab bench in 
contact with the ambient atmosphere for exposure times up to 8 hours. For diffraction 
studies approximately 0.02-0.05 g were exposed for up to 250 hours. As these 
experiments were meant to mimic an unintentional exposure event, the laboratory 
environment was not strictly controlled: exposure conditions were approximately 45% 
relative humidity and 22℃. To assess whether changes to MOF-5 performance due to 
exposure were reversible by activation, PCT measurements were performed for 
samples with (activated) and without activation (non-activated), where the activation 
conditions are the same as previously described (minimum of 6h total under continuous 
vacuum, with 3h at room temperature followed by at least 3h at 130°C). 
3.3 Results and Discussion  
Our discussion of MOF-5 properties is divided into three sections: structural properties, 
thermal properties, and hydrogen storage properties. These properties will strongly 
impact the design and performance of MOF-based hydrogen storage systems, and are 
essential input for the parameterization and validation of storage system models.  A 
summary of the measured property data is given in Table 3.2. 
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Table 3.2. Summary of structural, thermal, and hydrogen isotherm materials 
properties for MOF-5. Unless otherwise indicated, all measurements performed on 
loose powder form of MOF-5 
 
Units Value Conditions 
Structure Properties 
Bulk Density (bulk) 
 
Framework Density (fm) 
BET Specific Surface Area 
(SA) 
Micropore Volume (Vmicro) 
Mean Particle Diameter 
 
gcm
-3 
 
gcm
-3 
m
2
g
-1 
cm
3
g
-1 
m 
 
0.13
a
 
0.22
b
 
2.03 
2763 
1.27 
0.36 
 
a
Limited manual taps 
b
Tapping w/ jolting 
volumeter 
 
N2 isotherm 77K 
Ar isotherm 87 K 
 
Thermal Properties 
Thermal Conductivity (k) 
Heat Capacity (cp) 
 
W m
-1
K
-1
 
J g
-1
K
-1
 
 
0.091 
0.72 
 
300 K, =0.35 gcm-3 
300 K 
Hydrogen Isotherm 
Parameters 
α 
β 
nmax 
Po 
Va 
 
J mol
-1
 
J 
mol
-1
K
-1
 
mol/kg 
MPa 
ml g
-1 
 
2239 
19.5 
125.4 
1692 
2.01 
Based on fitting to 77, 
138, 200 and 295 K 
isotherms from 0 to 100 
bar 
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3.3.1 Structural Properties  
We take the structural properties of an adsorbent to include its surface area, pore 
volume, density, and crystal size. These attributes strongly influence the gravimetric 
and volumetric densities of adsorbed species such as hydrogen. For example, the 
gravimetric excess hydrogen capacity of porous materials generally scales with surface 
area[139-141]. On the other hand, density, pore volume, and particle size control 
volumetric capacity. To some extent, bulk physical properties can be optimized through 
processing techniques. For example, compacting the material can increase density, and 
ensuring full removal of synthesis solvent from the MOF surfaces/pores can maximize 
surface area. Regarding compaction, a detailed study of the benefits associated with 
densification of MOF-5 powder into shaped bodies (tablets, strands, bars, etc.) [142] 
was previously reported by the authors [124]. Typically, a compromise exists between 
maximizing surface area and pore volume (or density) since materials with high surface 
area generally exhibit large pore volumes[143]. Thus, the gravimetric and volumetric 
capacities of an adsorbed species cannot be tuned independently.  Lastly, we note that 
the crystalline pore structure of the MOF-5 powder obtained by the zinc acetate 
dihydrate synthesis [described in Section 3.2.1] is remarkably robust against both 
mechanical compaction [124] and degradation from moisture (For XRD plots, see 
Section 3.3.4). 
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3.3.1.1 Surface area and pore volume 
The specific surface area is a key factor that determines the hydrogen capacity of a 
given MOF. The amount of adsorbed hydrogen (often expressed as excess capacity), 
can be estimated by assuming monolayer hydrogen coverage on the sorbent surface 
with a density equal to that of liquid hydrogen[144]. Under this approximation, the 
excess hydrogen capacity per unit mass (i.e. excess gravimetric capacity) is 
proportional to the sorbent’s specific surface area where the proportionality constant is: 
2.28  10-3 wt% H2·m
-2
.  That is, a MOF possessing a specific surface area (SA) of 500 
m
2
/g should store approximately 1 wt% (excess) hydrogen (at 77 K)[141]. The 
agreement of this surface area versus excess uptake relationship has been demonstrated 
for a wide range of sorbents[140, 145, 146]. Differences in uptake for a given material 
have been observed largely stemming from differences in sorbent preparation and 
desolvation methods which lead to variation in surface area and hydrogen uptake 
measurements for a given material. For example, MOF-5 isolated and desolvated in air 
with conventional solvents has a BET surface area of ~3100 m
2
/g (comparable to the 
value reported in this study), whereas identically prepared MOF-5 isolated and 
desolvated in a nitrogen atmosphere with anhydrous solvents has a BET surface area of 
3800 m
2
/g[147].  
 Significant effort has been devoted to improving excess gravimetric hydrogen 
capacity by increasing specific surface area. However, as described above, increasing 
surface area results in a decrease to volumetric capacity. Typically, improvements to 
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surface area occur via creation of larger micro pores, thereby decreasing the crystal and 
bulk densities.  .  demonstrates this tradeoff by plotting the BET specific surface area 
(SA) as a function of micropore volume (Vmicro) for several MOFs in the literature. (Data 
in .  is taken from references[112, 148, 149] and references therein). It is clear that 
there is a direct relationship between BET surface area and micropore volume with a 
correlation factor of 2160 m
2
 BET surface area per cm
3
 of pore volume which is 
consistent with previous literature for carbon aerogels [Literature value 2559 
m
2
/cm
3
][150]. Thus, it is important to identify approaches that enhance both 
gravimetric and volumetric density simultaneously. As is evident in . , MOF-5 
represents a good compromise between gravimetric and volumetric hydrogen capacity.  
 We calculated the SA and Vmicro for MOF-5 based on nitrogen and argon adsorption 
isotherms collected at 77 and 87 K respectively. Experimental details for sample 
pretreatment and data collection can be found in Section 3.2.2.2 above. Based on these 
data, the SA, Vmicro, and mean pore width for MOF-5 are 2763 m
2
g
-1
, 1.27 cm
3
g
-1
, and 
0.99 nm respectively. These SA and Vmicro data correlate well with literature values[133]. 
Additionally, the mean pore width value is close to that expected based on the fixed 
pore diameters measured from crystal structure data (1.1 and 1.5 nm).  
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3.3.1.2 Crystallite and Particle size 
Particle and crystallite size can have implications for packing density in a packed bed 
hydrogen storage system. (Here we use “crystallite” to refer to a single crystal of 
MOF-5, and “particle” to refer to an agglomerate of crystallites.) Particle sizes of less 
than 100 m have been associated with increased interparticle friction; contributions 
from short-range electrostatic forces can also lead to agglomeration and inhibit 
packing[151]. Small particle size can also lead to an increased contribution of external 
surface area and intraparticle porosity, as well as decreased permeability and particle 
strength.  
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 Figure 3.1. Comparison of space-time-yields (STY) for synthesis of various 
framework materials in both laboratory and commercial settings. 
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    Scanning electron microscopy (SEM) was used to characterize the crystallite size 
for as-synthesized MOF-5 powder. A representative SEM image is shown in Figure 3.2 
(inset), where a cubic morphology is observed. The crystallite size histogram 
comprising data from three separate SEM images is also shown in Figure 3.2. Based on 
a total of 182 crystallites, the mean crystallite size is 0.36  0.011 m. As described 
below, this small crystal size of MOF-5 results in a relatively small bulk density (21% 
of the single crystalline value) as compared to other MOFs possessing larger crystal 
sizes 
 In addition to measuring the crystallite size, the dimensions of agglomerated 
particles were also measured. The distribution of particle sizes and the cumulative 
percentage of their volume fraction is shown in Figure 3.3. The mean of the particle size 
Figure 3.2. Crystal size histogram and statistics for MOF-5 powder. The distribution 
has a mean diameter of 0.36 m and standard deviation of 0.144 m. 
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was found to be 0.22 mm, and 99% of the particles were found to have a diameter less 
than 0.86 mm.  Comparison of the crystallite and particle size distributions indicates 
that due to inter-particle cohesion, essentially all sub-micron sized MOF-5 crystallites 
aggregate into particles having diameters larger than ~ 3 micron. 
3.3.1.3 Bulk Density 
The bulk density of MOF-5 powder was initially measured using a small container (.75 
ml) which was filled with MOF-5 and then tapped for approximately 5 seconds. This 
procedure resulted in a low density of 0.13 g/cm
3
. To assess the effect of tapping upon 
bulk density, we loaded a known mass of MOF-5 powder into a larger graduated 
cylinder (25 cm
3
), and manually tapped the cylinder on the floor of the glovebox; the 
cylinder elevation for each tap was 2-3 cm. The tapping process was repeated for an 
increasing number of taps, and the volume and mass of MOF-5 powder in the cylinder 
Figure 3.3. Particle size distribution and cumulative volume percentage for a 
representative MOF-5 powder. The distribution has a mean diameter of 215 m; 99% of 
the particles have a diameter less than 857 m. 
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was recorded afterwards.   
 Figure 3.4 shows the bulk density as a function of the number of manual taps. It is 
clear that the powder density increases with the number of taps, starting from a value of 
0.18 g/cm
3
 at 200 manual taps and increasing to 0.21 g/cm
3
 after 2000 taps. The MOF-5 
tap density was also measured using a standardized jolting volumeter. In this case a 
series of 2000 taps were used, and the resulting density of 0.22 g/cm
3 
was found to be in 
very good agreement with the manually-tapped sample. Additional testing 
demonstrated that the tap density can depend on the volume of the graduated cylinder 
employed and on the particle size. These tests resulted in a range of MOF-5 powder 
densities spanning 0.13 to 0.22 g/cm
3
. 
 
Figure 3.4. Tap density of MOF-5 as a function of the number of taps. 
3.3.2 Thermal Properties 
Although significant attention has been focused on improving the gas storage capacity 
of MOFs, relatively little effort has been devoted to assessing their thermal 
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properties[152]. The thermal conductivity and heat capacity of MOFs (and other 
adsorbents) are significant because they will impact the design, performance, and cost 
of MOF-based storage systems[153-155]. For example, hydrogen uptake and release 
reactions involve the liberation (adsorption) or consumption (desorption) of heat; 
therefore efficient dissipation and delivery of heat is critical. Typically, adsorbent 
systems incorporate a heat exchanger for managing the temperature during fueling and 
delivery. The thermal conductivity properties of the storage media will have a direct 
influence on the heat exchanger design. If the thermal conductivity is low, the heat 
exchanger design requires additional complexity, which may add weight and cost. As a 
counter-measure, material enhancements (e.g. graphite additions) can be added to the 
material to increase the thermal conductivity. These additions displace some fraction of 
the storage material, resulting in a decrease in storage capacity and an increase in the 
system weight. Therefore, it is important to accurately evaluate thermal conductivity to 
minimize the amount of the enhancement materials. Moreover, the creation of accurate 
system models relies on the determination of thermal properties for materials of 
interest.  
3.3.2.1 Heat capacity 
The specific heat capacity (cp) describes to the ability of a material to store thermal 
energy, and indicates the amount of energy needed to heat the material to a specified 
temperature. It is an important property for systems whose operation involves a 
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temperature swing, such as in the thermal desorption of stored gasses. The heat capacity 
of powder MOF-5 in the temperature range of 220 – 370 K was determined using the 
procedure described in section 3.2.2.5, and is plotted in Figure 3.5. At 300 K, cp for 
MOF-5 was measured to be 0.72 Jg
-1
K
-1
, which is comparable to that of alumina (0.77 
Jg
-1
K
-1
) and graphite (0.71 Jg
-1
K
-1
). cp increases approximately 33% over the measured 
temperature range, from approximately 0.6 Jg
-1
K
-1
 at 220 K to 0.8 Jg
-1
K
-1
 at 340 K.  
 
Figure 3.5. Specific heat capacity (cp) (Jg
-1
K
-1
) for powder MOF-5 as a function of 
temperature (K). 
3.3.2.2 Thermal conductivity 
The thermal conductivity of most microporous materials (e.g. zeolites and MOFs) is 
low, stemming from their large pore size (>20 Å in diameter) and high free volume 
(>90% free volume). McCaughey et al have pointed out that the atomic number density 
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
220 240 260 280 300 320 340 360 380
Temperature (K)
S
p
e
c
if
ic
 H
e
a
t 
C
a
p
a
c
it
y
 (
c
p
) 
(J
g
-1
K
-1
)
55 
 
for MOFs is even lower than that for zeolites (2.46  1028 atoms/m3 for MOF-5 verses 
5.13  1028 atoms/m3 for sodalite), suggesting that MOFs will have an even lower 
thermal conductivity than other highly porous compounds[156]. Single crystal thermal 
conductivity measurements have been previously measured on 1-2 mm crystals of 
MOF-5 over a temperature range of 6-300 K in ref.[157]. This data, obtained using a 
longitudinal steady-state heat flow method, shows a peak thermal conductivity at 20 K 
of ~0.37 W/m·K and a minimum at 100 K of ~0.22 W/m·K. From 100 to 300 K, the 
thermal conductivity increases by 30%, attaining a value at 300 K of ~0.32 W/m·K. 
This value is much lower than that for other microporous single crystals such as zeolites 
(3.53 and 2.07 W/m·K for sodalite and faujasite, respectively)[152]. 
 
The intrinsic thermal conductivity for MOF-5 single-crystals represents an upper 
limit for the pure material. Data from powder samples includes the effects of 
interparticle porosity which will reduce the thermal conductivity below the single 
crystal value. We have measured the thermal conductivity for compacted MOF-5 
powder at temperatures from 300 to 335 K and at three densities: 0.35, 0.52, and 0.69 
g/cm
3
. The thermal conductivity (k) was calculated as the product of heat capacity (cp) 
[see Section 3.3.2.1], thermal diffusivity (), and bulk density (). See Sections 3.2.2.4 
to 3.2.2.6 for experimental details. Measured thermal conductivity data is plotted in 
Figure 3.6. The thermal conductivity for MOF-5 remains relatively constant over the 
measured temperature range for all three densities. Values at 300 K for each density are 
as follows: 0.091 Wm
-1
K
-1
 ( = 0.35 gcm-3), 0.11 Wm-1K-1 ( = 0.52 gcm-3), and 0.16 
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Wm
-1
K
-1
 ( = 0.69 gcm-3). (As the highest density pellets exceed the single-crystal 
density we presume some plastic deformation such as pore collapse has occurred in 
these samples during the compression process.) Based on these data, a modest 
improvement in k can be achieved via compression of the neat powder (e.g. ~20% 
improvement in k in going from  = 0.35 to 0.52 gcm-3). The thermal conductivity for 
the 0.52 gcm
-3
 compact at 300 K is only 35% of the value of that for the single crystal ( 
= 0.61 gcm
-3
) and is comparable to that of other hydrogen storage materials such as 
sodium alanate (~0.5 Wm
-1
K
-1
)[158]. Since higher thermal conductivities are desirable, 
the addition of conductive additives such as graphite or aluminum (e.g. graphite has a 
thermal conductivity of 1390 Wm
-1
K
-1
 at 400 K)[159] will likely be required to 
improve heat transfer. The impact of expanded natural graphite additives (ENG) on 
thermal conductivity of MOF-5/ENG compacts has been studied recently[150]. 
 
Figure 3.6. Thermal conductivity data for MOF-5 powders as a function of 
temperature and bulk density: 0.35 g cm
-3
 (diamonds), 0.52 g cm
-3
 (triangles) and 0.69 
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g cm
-3
 (circles). The thermal conductivity for a single crystal of MOF-5 at 300 K 
(square) is provided for reference[157]. 
3.3.3 Hydrogen Adsorption Isotherms  
Hydrogen isotherm data is essential for constructing system models for capacity and 
dormancy under various operating scenarios. Toward this end, materials-level models 
that can describe empirical hydrogen adsorption isotherm data are needed. Until 
recently, efforts aimed at identifying such models have been scarce due to the 
complexities of performing measurements at multiple sub-ambient temperatures. For 
example, most measurements on sorbents have been limited to a small number of 
temperatures that are accessible using cryogenic baths (e.g. liquid nitrogen, liquid 
argon, solid CO2). In this work, a continuous flow controlled cryostat is employed for 
collection of adsorption data at several intermediate temperatures: 103, 118, and 138 K. 
Cryogenic baths are used for 77 K and 200 K, while measurements at 295 K are 
performed without active temperature control. The resulting data is then used to 
determine model parameters that in turn provide an analytic expression for the 
adsorption properties in MOF-5 at arbitrary temperatures.  
3.3.3.1 Modeling approach 
Hydrogen adsorption data can be expressed in various forms, for example excess, 
absolute, or total adsorbed amounts[134]. The excess amount adsorbed (nex) is defined 
as the amount of adsorbate (e.g., hydrogen) stored in the porous volume of an adsorbent 
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(e.g., MOF) at a given temperature and pressure above and beyond what would be 
present in the same volume in the absence of adsorbate-adsorbent interactions. The 
absolute amount adsorbed (na) is defined as the quantity of adsorbate molecules in the 
adsorption volume (Va), including specifically adsorbed molecules as well as gas phase 
molecules. Finally, the total amount (ntot.) represents the total amount of hydrogen 
stored in the hydrogen storage system and includes contributions of na and 
homogeneous bulk hydrogen gas (ng) which can occupy interparticle and intraparticle 
voids. While excess isotherms are typically determined experimentally, absolute 
adsorption data is often an estimated value. Excess and absolute adsorption data are 
related by equation (3.1)[160]. 
nex = na − ρg Va (3.1) 
where ρg denotes the density of bulk gas, and the volume occupied by the adsorbed 
phase, Va, is assumed to be a constant. During adsorption the adsorbed gas occupies the 
space Va spanned by the adsorption field generated by the adsorbent, and the average 
adsorbate density gradually increases up to an asymptotic value[134]. From equation 
(3.1), we can also infer that near ambient conditions (e.g., low pressure and/or above 
cryogenic temperatures), ρg will be significantly lower than the density of the adsorbed 
phase (ρa). Under such conditions, the approximation nex na holds. However, at higher 
pressures and/or cryogenic temperatures the density of the gas phase (ρg) increases at a 
faster rate than the density of the absorbed phase (ρa), and thus na will continue to 
increase as nex reaches a maximum (plateau).  
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 The Dubinin-Astakhov (D-A) model[122] is a pore filling model for adsorption of 
subcritical gases in microporous adsorbents, i.e., those whose pore diameter is less than 
2 nm. This model has been adapted to describe supercritical H2 adsorption for a variety 
of microporous materials (e.g. carbons and MOFs). For these compounds the 
adsorption enthalpy is influenced by the superposition of attractive forces from 
neighboring walls of the adsorbent. In such microporous materials, the adsorption 
process is often interpreted as a volume of liquid adsorbate filling the pores. The D-A 
model can be readily applied to most MOFs given that their pore diameters (0.5 to 1.5 
nm) fall within the applicable range. (The diameters of the two pores in MOF-5 are 1.5 
and 1.1 nm.) Herein, we employ a modification of the D-A model[161] where excess 
adsorption is defined as:  
ag
m
maxex V
P
P
T
RT
nn 



 )](ln][exp[ 02  (3.2) 
where α and β are enthalpic and entropic contributions to the characteristic free energy 
of adsorption, m is the heterogeneity parameter, and P0, is the pressure corresponding to 
the limiting adsorption. One feature of equation (2) is the temperature-dependent 
expression of the characteristic free energy of adsorption (), where T  . Other 
approaches, including modifications of the D-A model and monolayer-based models 
(Unilan and Toth), have recently been used to fit MOF-5 hydrogen adsorption 
isotherms[123, 162].  
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3.3.3.2 Experimental and modeling results for excess capacity 
The excess hydrogen adsorption (nex) by MOF-5 as a function of temperature (77 to 295 
K) and pressure (0 to 100 bar) is shown in Figure 3.7. The storage capacities are 
expressed as excess gravimetric capacity (expressed as wt.%) and excess volumetric 
capacity (g·H2/L·MOF-5). The experimental data are represented by symbols and the 
modeled fits by the solid lines. The measured excess adsorption at 77 K shows a 
maximum value of 6.0 wt. % (29.9 mol/kg) at 48 bar. (In the present study wt. % is 
defined as (g H2/g MOF-5) x 100.) This value is comparable to previous measurements 
for MOF-5 powder, which vary between 4.7 wt. % and 7.1 wt. %[104]. As is expected, 
the adsorption decreases with increasing temperature. For example, at a temperature of 
200 K and 80 bar, the maximum gravimetric capacity is only 1.3 wt. % (6.4 mol/kg).  
 The excess volumetric adsorption at its maximum value, based on the density for 
loosely-packed powder MOF-5 (pwd=0.13gcm
-3
), is approximately 8 g·H2/L·MOF-5 
(near-right ordinate, Figure 3.7) as compared to 36 g·H2/L (rightmost ordinate, Figure 
3.7) assuming a single crystal density (sx=0.605 gcm
-3
). The powder and single-crystal 
morphologies represent the extremes of volumetric capacity in MOF-5. In principle, 
intermediate capacities may be achieved via materials engineering. For example, in a 
prior study we examined the extent to which volumetric density could be improved in 
MOF-5 via densification[123, 124]. 
 Parametric description of the excess hydrogen stored in MOF-5 as a function of 
temperature and pressure was achieved by fitting the modified D-A model [eq. (3.2)] 
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with m = 2. Values for the five parameters, nmax, α, β, P0, and Va, were obtained by 
nonlinear regression on the measured isotherms at 77, 138, 200 and 295 K.  The 
resulting values for the model parameters are listed in Table 3.2, and the fits are 
represented as solid lines in Figure 3.7.  Here, the value for the adsorbed volume (Va) 
is 2.01 cm
3
g
-1
. The remaining parameter values, nmax=125.4 mol/kg, α=2239 Jmol
-1
, 
β=19.5 Jmol-1K-1, and P0=1692 MPa, are of comparable magnitude to those previously 
established[161] for AX-21.  
 As can be seen in Figure 3.7, the D-A model parameters for MOF-5 reproduce the 
empirical data across the measured temperature-pressure conditions (e.g. 77-298 K and 
0-100 bar). Nevertheless the original intent of the various adsorption models was to 
impart physical insight into the adsorption process (e.g., α represents the enthalpic 
contribution to the free energy of adsorption). Given the empirical nature of the model, 
its various modifications, and its applicability to the MOF materials class, the clear 
physical meaning of the parameters becomes more ambiguous. In particular, we find 
the estimated adsorption volume (Va=2.01 ml/g) is larger than the intra-crystalline pore 
volume, given by 1/ρsx – 1/ ρfm = 1.16 ml/g, as well as the experimentally determined 
micropore volume (Vmicro) of 1.2 ml/g [as reported in Section 3.3.1.1]. Likewise, the 
parameters (nmax in particular) obtained here by fits to data between 77 K and 295 K 
over-predict the expected excess adsorption at 30 K by at least 20%[163]. We also note 
that the modeled excess adsorption at 295 K is negative below a pressure of 
approximately 20 bar. Thus caution should be exercised in applying these 
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parameterizations to operating conditions outside of the ones used here.
  
Other models, 
including the Unilan model, have been found to better describe H2 adsorption by 
MOF-5 over a wide range of temperature[123]. 
 
Figure 3.7. Excess hydrogen adsorption isotherms for powder MOF-5 at five 
temperatures (77, 103, 118, 138, 200 and 295 K). Measured data corresponds to 
symbol points, and solid lines are fits using the modified D-A equation (2). (Left axis) 
Gravimetric excess capacity in mol/kg.  (Right axes) Volumetric excess adsorption 
(g/L), where the near-right ordinate is based on the MOF-5 loose-packed powder 
density (bulk=0.13 gcm
-3
) and the rightmost ordinate assumes a density equal to the 
MOF-5 crystal density (sx=0.605 gcm
-3
). 
3.3.3.3 Modeled absolute and total capacity  
MOF-5 absolute hydrogen isotherms based on the modified D-A model are shown in 
Figure 3.8. The absolute capacity includes excess adsorption as well as gas that is 
contained within the adsorption volume, Va, according to equation (3.1) above. At low 
temperatures and high pressures, the amount of additional gas in the adsorption volume 
is appreciable.   Consequently, the absolute adsorption amount can be nearly double 
that of the excess gravimetric capacity. For example, at 77 K and 75 bar, nex and na for 
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MOF-5 are 5.8 and 10.7 wt% respectively. Absolute H2 uptake on a volumetric basis for 
bulk MOF-5 powder is provided on the right ordinate in Figure 3.8.   
 
Figure 3.8. Absolute hydrogen adsorption isotherms for powder MOF-5 at six 
temperatures (77, 103, 118, 138, 200, and 295 K) based on D-A parameters in Section 
3.3.2. On the left ordinate, absolute adsorption is listed in gravimetric units of mol/kg. 
The right ordinate lists absolute adsorption in volumetric units of g/L, assuming the 
bulk density of loosely-packed MOF-5 powder (bulk=0.13 gcm
-3
). 
For practical applications the total amount of stored hydrogen, ntot, where ntot = 
nex+gVv and Vv = 1/bulk -1/sk is of the most importance. The total capacity MOF-5 
depends on the temperature and pressure of operation (which affect g) and on the bulk 
adsorbent density (which affects the void volume, Vv). The total volumetric storage, 
estimated by multiplying the gravimetric total storage, ntot, by the bulk density, bulk, is 
shown Figure 3.9. The MOF-5 powder density (0.13 g/cm
3
, loose- packed) is used as 
the bulk density. Total volumetric capacities are compared with that of compressed H2 
at 77 K, which is illustrated as a dashed line in Figure 3.9. It can be seen that MOF-5 
powder, even in a loosely-packed form, increases the H2 storage capacity for 
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temperatures below 200 K. This enhancement in volumetric storage capacity is 
considerably larger if one considers a MOF-5 single crystal (assuming the gravimetric 
capacity is the same for both MOF-5 powder and monoliths). The "breakeven" pressure 
is the point at which the total storage of compressed H2 exceeds that of the sorbent, at 
which point the sorbent provides no net benefit. At 77 K, the breakeven point (~386 bar) 
that is estimated from the D-A parameters in Table 3.2 occurs outside of the 
experimental 0-100 bar pressure range. 
 
Figure 3.9. Total hydrogen storage within the gross volume occupied by the powder 
MOF-5, assuming a bulk powder density of ρbulk = 0.13 g/cm
3
.  The dashed red line 
indicates the density of bulk H2 gas at 77 K. 
3.3.3.4 Adsorption Enthalpy 
The differential enthalpy of adsorption (Hads) for sorbents such as MOF-5 is an 
important parameter that, together with thermal attributes discussed above, affects the 
overall design and performance of on-board and/or forecourt thermal management 
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systems. The amount of heat to be liberated from the storage bed during adsorption is 
related to the Hads. Here, we have calculated Hads as a function of excess hydrogen 
adsorption in MOF-5 by applying the Clausius-Clapeyron equation to excess 
adsorption isotherms. An estimate of ΔHads from experimental isotherms is plotted 
versus fractional excess adsorption (i.e., nex divided by nmax from Table 3.2) in Figure 
3.10. The magnitude of the enthalpy decreases from about -5 kJ/mol at zero coverage to 
-4.3 kJ/mol at a fractional excess uptake of about 0.1, consistent with results previously 
published for powder MOF-5[123].  
 The differential enthalpy of adsorption can also be calculated analytically for the 
modified D-A model as a function of absolute adsorption:
 
[161] 
)/ln( maxnnH aabs    (3.3) 
Equation (3.3) is plotted in Figure 3.10 using the D-A parameters listed in Table 3.2. At 
low pressures, the excess and absolute adsorption amounts are similar, and thus the 
experimental and modeled ΔHads can be directly compared. Agreement between the 
experimental and modeled enthalpy is very good. These results confirm that adsorption 
models such (as the D-A model) are effective in describing the equilibrium PCT 
diagrams of H2/MOF-5, and in modeling the thermodynamic properties of 
cryo-adsorption-based hydrogen storage. Further, these D-A parameter values can be 
used in the governing equations for heat and mass conservation in a hydrogen storage 
model for MOF-5.   
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Figure 3.10. Differential H2 adsorption enthalpy (-ΔHads) of powder MOF-5. 
Experimental estimates of -ΔHads are plotted on the top axis versus the fractional 
excess adsorption. The modeled -ΔHads [eq (3.3)] is plotted on the bottom axis versus 
fractional absolute adsorption. 
3.3.4 Robustness to Air Exposure 
The robustness of MOFs with respect to air and/or water has attracted considerable 
attention during the past few years[147, 164-168], with many authors observing some 
degree of degradation following exposure. Given that stability is a desirable property – 
for example, assembly of a MOF-based gas storage system would be less costly if it 
could be performed in open air – here we examine the robustness of the pilot-scale 
version of MOF-5. Changes to the hydrogen adsorption properties and crystal structure 
of MOF-5 powders as a function of exposure time to humid air (45% relative humidity 
at 22⁰C) are summarized in Figure 3.11 and Figure 3.12, respectively. Overall, the data 
suggests only a minor degradation of properties for exposure times up to 8 hours. 
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Regarding the impact on hydrogen uptake, Figure 3.11 compares the effects of 
exposure time and sample activation on excess H2 adsorption. (A magnification of the 
maximum uptake region is shown as an inset.) For the shortest exposure time of 12 
minutes a 1.2% to 1.5% decrease in maximum uptake from the baseline, (i.e., 
non-exposed) sample is observed for the activated and non-activated samples, 
respectively. At 1.5 hours of exposure the reduction in uptake increases only slightly 
(3.5% to 3.7%, activated vs. non-activated). Finally, for the longest exposure time of 8 
hours the reduction in excess H2 adsorption is 7.3%. Since it is unlikely that activation 
could reverse ligand displacement or loss of crystallinity, the similarity in uptake for the 
activated vs. non-activated samples suggests that the degree of irreversible structure 
change occurring in MOF-5 under these conditions is relatively small. 
 
Figure 3.11. MOF-5 hydrogen uptake isotherms following exposure to humid air (45% 
relative humidity at 22⁰C) for various times. “Activated” samples were heated to 
130ºC and evacuated for at least 6 hours; “non-activated” samples were evacuated 
without heating for only 15 minutes. The inset shows a magnification of the 
maximum uptake region of the isotherms. 
To confirm the H2 uptake measurements, Figure 3.12 plots in situ x-ray diffraction 
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patterns for samples continuously exposed to humid, laboratory air for times up to 250 
hours. With increasing exposure time we observe a reduction in intensity for the 
diffraction peak at 7 degrees. A new peak at 9 degrees appears only after the sample is 
exposed for more than 100 hours. The emergence of this peak is similar to what has 
been observed in previous work [147] after 10 minutes exposure time. Unfortunately, 
the humidity conditions used in Ref. [147] were not reported; therefore a direct 
comparison is not straightforward. Nevertheless, such a difference could be traced to 
one or more factors, such as differences in MOF composition, initial structure, sample 
mass, and/or exposure conditions (humidity levels, exposure time, temperature, 
static/flowing exposure, etc.) For example, we observe some initial differences in the 
low-angle diffraction peaks in our samples compared to other literature reports [116, 
147, 164, 168, 169], which could indicate the presence of retained salt or solvent.  
 We conclude that the robustness of the MOF-5 powder suggested by our PCT data 
is consistent with the XRD patterns. Taken together, these data suggest that brief 
exposure of MOF-5 (for example, during the few minutes needed to load/assemble a 
pressure vessel) should not result in significant reductions in performance. Additional 
studies are planned to more quantitatively assess the impact of factors such as higher 
humidity levels and compaction [123, 124]. 
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Figure 3.12. In situ X-ray diffraction pattern for MOF-5 powder as a function of 
exposure time to laboratory air (relative humidity around 45% at 22⁰C). Vertical lines 
show the peak positions and relative intensities for the reference desolvated MOF-5 
structure[125]. 
3.4 Conclustion 
We have performed a comprehensive assessment of the primary thermo-physical 
properties of MOF-5 powders. Characterized properties include: packing density, 
surface area, pore volume, particle size distribution, thermal conductivity, heat capacity, 
stability against hydrolysis, differential enthalpy of H2 adsorption, and 
Dubinin-Astakhov isotherm parameters. Although some of the characterized properties 
have been previously reported for laboratory-scale (i.e., small) quantities of MOF-5, 
variation arising from differences in MOF synthesis and activation pose challenges to 
achieving a consistent description of these properties. The present study aims to 
minimize these inconsistencies by analyzing an industrial, pilot-scale version of 
MOF-5. Consequently, the data should provide a reasonable approximation to the 
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properties expected in industrial applications. Although here we emphasize properties 
relevant for hydrogen storage, the data can serve as a starting point for MOF-based 
systems in other applications such as catalysis, gas separations, etc.     
 The pilot-scale synthesis method described here using zinc acetate dihydrate yields 
a robust MOF-5 powder with good resistance to humidity degradation: Exposure to air 
(45% relative humidity, 22C) for 1.5 hours resulted in only a ~3.5% reduction in 
excess H2 uptake.  The mean crystal diameter of the resulting finely-powdered MOF-5 
was measured at 0.36 μm. The packing density of the powder is sensitive to the degree 
of tapping, and can vary from 0.13 to 0.22 g cm
-3
. The powder can be easily shaped into 
pellets by uniaxial compaction, without the need for binder.  Porous texture 
measurements indicate a BET specific surface area of 2763 m
2
g
-1
 and a micropore 
volume of 1.27 cm
3
g
-1
. The thermal conductivity of 0.35 g cm
-3
 MOF-5 pellets was 
measured to be 0.091 Wm
-1
K
-1
 at 300 K. The heat capacity, cp, of powder MOF-5 in the 
temperature range of 220 – 370 K was determined; at 300 K, cp = 0.72 Jg
-1
K
-1
. We 
determined parameters for the modified Dubinin-Astakhov isotherm model, which 
accurately describes the concentration of adsorbed H2 within MOF-5 over the 
temperature range 77-295 K and the pressure range 0-100 bar.   
 
 
 
71 
 
  Chapter 4
Anisotropic Thermal Transport in MOF-5 Composites 
4.1 Introduction 
In chapter 3 we learned that the high surface area, building-block-like synthesis 
procedure, and permanent porosity of MOFs make them attractive candidates for 
applications such as gas storage, gas separations, and catalysis [170-172]. They have 
also demonstrated record-setting storage capacities for alternative transportation fuels 
such as hydrogen [173] and natural gas [174], and are also being explored for carbon 
capture applications [175]. 
While MOF attributes such as surface area and pore volume play an important role 
in determining their gas storage capacity, thermal transport properties should also be 
considered. For example, in gas storage applications requiring rapid uptake (e.g., 
refueling of a vehicle), the exothermic heat of adsorption [176, 177] should be expelled 
in an efficient fashion in order to maximize performance. As higher temperatures 
reduce storage capacity, the inclusion of a heat-exchanging manifold within the storage 
vessel has been explored to enhance heat removal [178]. For adsorbents having low 
thermal conductivities the demands placed upon heat exchanger increase, typically at 
the expense of reduced volumetric and gravimetric storage density (due to additional
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mass and volume associated with the heat-exchanging manifold), and potentially 
highercost. An alternative to an elaborate heat exchanger is to increase the thermal 
conductivity of the adsorbent medium itself.  
Unfortunately, the thermal transport behavior of MOFs has received relatively 
little attention [124, 133, 157, 177, 179, 180]. Huang et al. predicted the thermal 
conductivity of single crystal MOF-5 to be 0.31 W/m K at 300K using molecular 
dynamics simulations [179]. Experimental measurements on single crystals of the same 
MOF were also reported over a temperature range of 6 to 300 K, with a value 0.32 
W/m∙K measured at 300 K [157]. In addition to these single crystal studies, Liu et al. 
[133] reported that the thermal conductivity of MOF-5 powders could be increased via 
compression/pelletization and through combination with high-conductivity additives 
such as expanded natural graphite (ENG), which has a thermal conductivity of ~150 
W/m∙K [181]. For example, in pellets densified to 0.5 g/cm3 the addition of 10 wt.% 
ENG resulted in a factor of five improvement in thermal conductivity (0.56 W/m∙K at 
298 K) relative to neat MOF-5 pellets at the same density (0.10 W/m∙K). Compaction 
alone also improves thermal conductivity, but to a smaller extent: neat MOF-5 pellets 
densified from 0.3 to 0.7 g/cm
3
 exhibit a doubling of conductivity from 0.07 to 0.14 
W/mK. 
These and other studies have shown that variations in processing and composition 
can significantly alter materials properties [182, 183]. For example, uni-axial 
compression has been linked to the formation of microstructural anisotropy in 
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compacted ENG [184]. Similarly, the addition of high-aspect-ratio particles to a matrix 
phase can lead to anisotropic behavior [185] [186]. These observations suggest that 
MOF/ENG pellets could also exhibit anisotropic thermal transport arising from a 
combination of uni-axial compression and worm-like ENG additions.  
The existence of anisotropic thermal transport could impact the design and 
operation of an adsorbent-based gas storage vessel.  For example, consider a storage 
system that employs a stack of densified MOF “pucks.” The heat-exchanging manifold 
for this design could consist of circular plates sandwiched between puck faces. In this 
case it is desirable to maximize transfer along the axial direction of the pucks to/from 
the heat exchanging plates. Alternatively, for a cylindrical shell heat exchanger in 
contact with the rims of the pucks, facile transport along the radial direction of the 
pucks is desirable. These scenarios demonstrate that quantifying (and controlling) the 
degree of thermal anisotropy is an important consideration when processing the storage 
media. Nevertheless, one should recognize that densification and ENG additions 
generally reduce the gravimetric capacity of the storage medium [124, 133, 177, 180]. 
Therefore the tradeoff between improved thermal transport and lower capacity should 
be carefully considered.  
In this chapter we examines the possibility for anisotropic thermal transport in 
uni-axially compressed MOF/ENG composites using thermal conductivity 
measurements and microstructural characterization on the prototype compound, 
MOF-5. Due to its high gas storage capacity and simple crystal structure, MOF-5 is 
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perhaps the most widely studied MOF. It is comprised of 1,4-benzenedicarboxylate 
(BDC) organic linkers and Zn4O tetrahedral clusters, the latter serving as secondary 
building units. MOF-5 can adsorb a large amount of hydrogen, up to 7.1 excess wt.% at 
77 K and 40 bar [147]; recent studies have also suggested promising performance for 
natural gas storage [187]. In addition to its high gravimetric capacity, recent analysis by 
Goldsmith, et al. indicated that MOF-5 is one of a small number of MOFs that also 
exhibits high volumetric gas storage densities [188]. 
In the present chapter we demonstrate that the high-aspect ratio morphology of 
second-phase ENG additions, combined with uni-axial compression, results in 
anisotropic microstructural and thermal transport properties in composite MOF-5/ENG 
particles. Microscopy of pellet cross-sections confirms the presence of a textured 
microstructure having MOF particle boundaries and ENG orientations perpendicular to 
the pressing direction. Thermal conductivity data spanning from cryogenic to ambient 
temperatures reveal that the values perpendicular to the pressing direction are 2 to 4 
times higher than in the pressing direction. We furthermore demonstrate that this 
anisotropy can be exploited using two straightforward processing techniques. First, a 
custom die/compression geometry allows for reorientation of the preferred heat flow 
path. Secondly, fabrication of a layered microstructure with alternating MOF-5 and 
ENG layers results in an order of magnitude increase in thermal conductivity, at the 
expense of only minor ENG additions (5 wt.%). These data suggest that the magnitude 
and preferred direction for thermal transport in MOF compacts may be tuned by 
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altering the processing conditions and nature of the second-phase additions. 
4.2 Experimental Procedure 
4.2.1 Materials Preparation 
MOF-5 powder was provided by BASF, and was synthesized using a process described 
previously [180]. Expanded natural graphite, ENG, was provided by SGL Group. 
Synthesis of ENG proceeds by soaking natural graphite flakes in sulfuric acid, followed 
by heating at 700⁰C for 12-15 minutes to remove acid residues [184, 189]. MOF-5 and 
ENG powders are shown in Figure 4.1. MOF-5 powders are white in color, and are 
composed of small, cubic particles with diameters ranging from 0.1 to 1.5 mm [180]. In 
turn, each MOF particle is comprised of individual crystallites with diameters in the 
range of 0.2 to 3 μm [Figure 4.1b]. The diameter of the interparticle voids is typically 
several microns. Images of ENG powder are shown in the lower panel of Figure 4.1c, d. 
ENG consists of relatively large black vermicular particles ranging in length from 
approximately 0.5 to 4 mm. The density of ENG (~0.1 g/cm
3
) is approximately 20 
times smaller than normal graphite (2.25 g/cm
3
) [189]. The worm-like structure of the 
ENG arises from the expansion of natural graphite’s lamellar structure. ENG particles 
exhibit a high aspect ratio (length/diameter), ranging from 18 to 25 [190].  
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Figure 4.1. Images of MOF-5 (upper panel) and ENG powders (lower panel). 
4.2.1.1 Pellets with Homogeneous ENG Distribution 
Pellets formed in the laboratory and at a pilot-plant (BASF) were synthesized and 
characterized. (See section a in Appendices A for details regarding pellets formed using 
the pilot-plant approach.) Lab-scale pellets were formed using MOF-5 powder and a 
fractional mass of ENG (weighed on a digital scale) needed to achieve a desired ENG 
weight percent (0%, 5% and 10%). A SPEX 8000M Mixer/Mill was filled with the two 
powders and shaken in the milling machine for 20 seconds without milling balls. The 
MOF-5/ENG blends were subsequently loaded into punches and dies with different 
bore diameters and shapes. Specimens were compressed using a manual pellet press 
(Reflex Analytical), which was housed inside an Ar-filled glovebox. Cylindrical and 
rectangular shaped pellets were formed and characterized (Figure 4.2a,c). Cylindrical 
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samples were used for microstructure characterization and room temperature thermal 
diffusivity measurements; rectangular samples were primarily used for steady-state 
heat flow thermal conductivity measurements, where a rectangular geometry best 
accommodates the size of the stainless-steel contacts of the instrument. To examine the 
impact of compression direction, two different types of die were designed for each 
sample shape. In the case of the cylindrical geometry, this allowed for pellets to be 
processed using uniaxial compression along either the radial or axial directions (Figure 
4.5). Likewise, for the rectangular geometries, compression was performed parallel, or 
perpendicular to, the long axis of the pellet (Figure 4.7; also see section d in Appendices 
A).  
4.2.1.2 Pellets with Layered ENG Distribution 
As an alternative to mixing MOF-5 powder with ENG before compression, pellets with 
a layered MOF-5/ENG microstructure were also fabricated. In this case cylindrical 
pellets were made using radial pressing (Figure 4.5c). Before compression, known 
masses of pure MOF-5 and ENG were separated according to the desired ENG 
composition fraction, and then divided into several parts. These parts were then added 
into the die alternatively and pressed into pellet form. A pellet containing four ENG 
layers is shown in Figure 4.2b.  
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Figure 4.2. Cylindrical and rectangular MOF-5/ENG composite pellets. (a, b) 
Cylindrical pellet used for room temperature measurements and microstructure 
characterization. Pellet diameter = 1.28 cm, thickness = 3 mm, density = 0.4g/cm
3
. The 
pellet in (a) has a homogeneous ENG distribution, while the pellet in (b) has a layered 
ENG distribution. (c) Rectangular sample used for low-temperature measurements (80 
– 300 K). The sample dimensions are 10 × 5 × 5 mm. Sample density = 0.35 g/cm3. 
4.2.2 Materials Characterization 
4.2.2.1 Microscopy 
Optical [Olympus SZX12 model 2.2.0 (x90) & Nikon microphot-FXA (x1000)] and 
scanning electron microscopy (JEOL 6610, FEI Quanta 3D SEM/FIB, and Phillips 
XL30FEG) were used to investigate the microstructure of MOF-5 compacts. Pellets 
were cross-sectioned to observe the inter-particle boundaries and the orientation and 
distribution of ENG. Images were collected using Image-PRO Plus software and 
analyzed using ImageJ software. Scanning electron microscopy was used to conduct 
energy dispersive spectroscopy of the sample (Appendices A, Figure A.3). In order to 
reduce surface charging, the beam current was reduced, low vacuum mode was used, 
and/or the sample was coated with either silver (Ag) or gold (Au). Images and 
composition maps from the SEM were collected using either the AZTEC EDS system 
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or the EDAX Genesis system. ImageJ [191] was used to quantify the orientation 
relationship of the ENG particles with respect to the pressing direction in order to 
characterize the impact of pressing direction on ENG alignment. 
4.2.2.2 Room temperature thermal conductivity 
The room temperature thermal conductivity κ was determined using a transient method 
for measuring the thermal diffusivity, combined with the following equation: 
 (4.1) 
Equation (4.1) [192] is a standard expression derived from the transient heat transport 
equation: . Here α is the thermal diffusivity, which is a function of the 
thermal conductivity, , sample density, , and specific heat capacity cp: α = /( cp). 
The parameters , , cp  (and therefore α) are temperature dependent, and were 
determined over the temperature range of interest, 25 – 65°C. 𝜌 is determined 
using the pellet’s external dimensions and mass. Cp measurements were performed on 
6.35 mm pellets with a differential scanning calorimeter (DSC) (SENSYS DSC, 
Setaram), which was calibrated with a sapphire standard. Pellets were placed inside an 
alumina crucible while being handled inside an Ar-filled glovebox, and then transferred 
to the DSC (external to the glovebox). Data were collected using a heating rate of 
5 °C/min and a He carrier gas flow of 20 ml/s.  
Thermal diffusivity measurements at room temperature and above were performed 
using a xenon thermal flash diffusivity instrument (Anter Flashline, FL3000S2) with N2 
.  pC
¶T
¶t
=aÑ2T
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as a protective gas, and with pellets having a 12.8 mm diameter and 3mm average 
thickness (Figure 4.2a). In this method the temperature of the rear surface of the sample 
is measured as a function of time after a laser pulse with known power is shined on the 
sample’s opposite surface. The method of Clark and Taylor [193], which accounts for 
heat loss of the sample during the measurement, was used to estimate the thermal 
diffusivity. The instrument was calibrated using an iron standard. A thin copper sheet 
was applied to the top surfaces to prevent the pellets from fracturing during 
measurement due to the temperature probes, and silver paint was used to adhere the 
copper to the sample surface. Graphite was coated on the lower surface of the pellet to 
improve light absorption. Before measurement, the pellets were evacuated at room 
temperature for at least 3 hours. Two measurements were taken for each pellet at the 
following temperatures: 25 °C, 35 °C, 45 °C, 55 °C, and 65 °C. Notice that for this 
measurement technique the heat flow is along the axial direction of the pellet. It is 
therefore possible to characterize anisotropies in thermal conductivity by performing 
measurements on pellets pressed in distinct (i.e., axial or radial) directions. For pellets 
pressed axially (as described further below), the thermal flash sample geometry results 
in a heat flux which is largely perpendicular to the average ENG orientation (Figure 
4.5a,b), Conversely, pellets pressed radially exhibit ENG orientations more closely 
aligned with the heat flow direction (Figure 4.5c).   
The transient method compliments the steady-state method (described below) in 
that it provides reliable thermal conductivity data at room temperature and above.  At 
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these temperatures losses due to thermal radiation can be significant, leading to 
complications in the use of the steady-state technique. 
4.2.2.3 Low-temperature thermal conductivity 
The low-temperature thermal conductivity was measured in the temperature range of 
80 to 300 K using a steady-state comparative method that is well-suited for materials 
having low thermal conductivity [69]. In contrast to the transient method, which 
requires measurement of both the thermal diffusivity and specific heat capacity, the 
steady state method directly measures the thermal conductivity using the dimensional 
Fourier law. This approach is more convenient at cryogenic temperatures. A 
rectangular-shaped sample with a cross section of 5 mm × 5 mm and length of 3 mm 
was sandwiched between two stainless-steel contacts (SS304) with the same cross 
section and thickness of 10 mm (initial attempts employed a longer sample with typical 
length of 10 mm. However, the radiation losses associated with a sample of this size led 
to poor estimates of the thermal conductivity. The temperature-dependent thermal 
conductivity of the stainless-steel contacts have been previously measured [70]. Stycast 
epoxy was used to mount the sample to the steel contact as well as reduce the contact 
resistance, and did not permeate the samples. A strain gauge heater was mounted on top 
of one steel contact, while the other contact (placed under the sample) was connected to 
the heat sink, thereby generating a heat flux from the top of the pellet to the bottom [71, 
72].  
82 
 
Measurements were conducted in vacuum to prevent parasitic convection and 
adsorption within the MOF pores. Two copper cylinders were mounted outside the cold 
finger as radiation shields. The temperature of the sample holder was controlled by a 
Lakeshore 340 temperature controller. Six thermocouples (TC1–TC6) were inserted 
into small-bore holes in the top (TC1, TC2) and bottom (TC5, TC6) steel plates and 
affixed to the top and bottom of the sample (TC3, TC4) [see Appendices A, section e]. 
These probes were used to determine the heat fluxes through the steel contacts (TC5, 
TC6, TC1, and TC2) and the temperature drop across the sample (TC3, TC4) upon 
heating, from which the sample's thermal conductivity was derived. The sample’s 
thermal conductivity κ was determined using the 1D Fourier law: 
(4.2) 
where ts and As are the sample thickness and cross-sectional area, and Q is the power 
through the sample. Q was estimated using the power Ab kb (T5-T6)/tb transferred 
through the bottom steel plate, where kb is the thermal conductivity of the steel contact 
and tb is the distance between TC5 and TC6. T3, T4, T5, T6 are the temperatures 
measured using the thermocouples TC3, TC4, TC5 and TC6, respectively. Ab and tb are 
the thickness and cross-sectional area of the bottom steel contact, respectively. Three 
major sources of error are associated with Q: uncertainty due to parasitic black-body 
radiation losses from the sample, uncertainty due to parasitic conduction losses through 
the thermocouples, and uncertainty in tb due to the nonzero thermocouple diameter. 
Uncertainty in ts due to surface roughness, uncertainties in temperature and voltage 
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measurements, and the interfacial temperature drops at each end of the sample also 
contribute to the error. Accounting for the above sources of uncertainty, we estimate the 
maximum error in the thermal conductivity to be 18%. Since the same bottom steel 
contact was used for all measurements (fixing tb), the relative uncertainty in thermal 
conductivity for the two samples is less than 9%. 
4.3 Results and Discussion 
4.3.1 Pellets with Homogeneous ENG Distribution 
4.3.1.1 Microstructure 
Figure 4.3a shows an optical microscopy image for a representative MOF-5 particle 
after milling with 5 wt.% ENG. Here the MOF-5 appears as a large white particle, and 
the ENG as black, rod-shaped particles adhered to the MOF surface. As the initial 
particle size of ENG is typically much larger than that of MOF-5, yet the particles 
depicted in Figure 4.3 suggest that ENG is smaller, we infer that some fracture of the 
ENG worms occurs during milling. An SEM image of the interface between an ENG 
particle and a MOF-5 particle in a MOF-5/ENG pellet is shown in Figure 4.3b. The 
compacted MOF-5 powder retains its cubic morphology with crystallite diameters less 
than 1µm. The interface contains regions exhibiting good contact between the MOF 
and ENG, interspersed between gaps or pores. The ENG particle itself retains a layered 
or parallel sheet structure as previously identified [194]. The preservation of the ENG’s 
lamellar graphite structure suggests that the high thermal conductivity of the original 
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ENG is maintained within the ENG particles. 
 
Figure 4.3. (a) Optical microscopy image of MOF-5 particles (white) coated with 
ENG (black) after milling. (b) SEM of the interface between MOF-5 and ENG within 
a densified pellet containing 5 wt.% ENG and with a pellet density = 0.50 g/cm
3
. 
The distribution of ENG within the MOF-5/ENG pellets was quantified by 
analyzing optical micrographs of pellet cross sections. Inspection of the cross-sectioned 
pellets revealed the presence of dark lines connecting ENG deposits.  At higher 
magnifications these lines were shown to contain ENG particles, which appear to 
collect in the spaces between the MOF-5 conglomerates during compression Figure 
4.4a, b. Pellets comprised of neat MOF-5 did not show features similar to those of 
Figure 4.4. 
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Figure 4.4. Cross sections of MOF-5 pellets containing 5 wt.% ENG and with density 
of 0.38 g/cc imaged using optical microscopy. The images depict boundary lines 
consisting of ENG deposits at (a) magnifications of x50 and x200 as well as at (b) x50 
and x400. 
Figure 4.5 shows micrographs of cross sections for three pellets formed using 
different pressing directions and amounts of ENG. The pressing direction in Figure 4.5a 
and b is along the axial direction of the pellet, while the pellet in Figure 4.5c was 
pressed radially. The images at the top of Figure 4.5 are of cross-sections obtained from 
cutting the pellet along the rectangular plain shown in the lower sketch. Arrows 
overlaid on the microscopy images indicate the compression direction.  
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Figure 4.5. Cross section of a MOF-5/ENG pellet from optical microscopy. Arrows 
indicate the pressing direction. The sketch below each image shows the relationship 
of the cross-section plane to the pressing direction. (a) MOF-5 mixed with 5% ENG, 
pressed axially; (b) MOF-5 mixed with 10% ENG, pressed axially; and (c) MOF-5 
mixed with 5% ENG, pressed radially. 
The relationship between ENG orientation and the pressing direction was 
calculated using ImageJ image processing software. Table 4.1. Average orientation and 
standard deviation of ENG particles in MOF-5/ENG composites with respect to the 
pressing direction for the three pellets described in Fig. 5: (a) MOF-5 mixed with 5 wt.% 
ENG, pressed axially; (b) MOF-5 mixed with 10 wt.% ENG, pressed axially; and (c) 
MOF-5 mixed with 5 wt.% ENG, pressed radially. The solid black segment represents 
the average orientation of ENG in the pellet. Black arrows and the dashed line represent 
the pressing direction. The standard deviation refers to the distribution of ENG 
orientations observed in cross-sectioned pellets. Table 4.1shows the average angle of 
ENG particles with respect to the compression direction. The average angle of the ENG 
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in all three cases depicted in Figure 4.5 is approximately 70 degrees, confirming that 
the ENG within the pellets has a tendency to align perpendicular to the pressing 
direction. Such behavior should encourage the formation of a percolating network in 
directions perpendicular to the pressing direction, resulting in higher thermal 
conductivity in the same directions (as described below). A similar relationship 
between the orientation of the ENG particles and pressing direction was observed 
across all of the pellets examined (14 in total, data not shown). 
As shown in Figure 4.3, ENG particles tend to adhere to the surface of MOF-5 
particles. Upon densification into pellets this surface adhesion results in the ENG 
populating the boundaries between MOF-5 particles. Consequently, the color 
differences between MOF-5 (white) and ENG (black), combined with this “interface 
decoration” effect, can be used to demark the boundaries between MOF-5 particles. As 
shown in Figure 4.5 (top) the boundaries also display an anisotropic texture as a result 
of uni-axial compression.  
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Table 4.1. Average orientation and standard deviation of ENG particles in 
MOF-5/ENG composites with respect to the pressing direction for the three pellets 
described in Fig. 5: (a) MOF-5 mixed with 5 wt.% ENG, pressed axially; (b) MOF-5 
mixed with 10 wt.% ENG, pressed axially; and (c) MOF-5 mixed with 5 wt.% ENG, 
pressed radially. The solid black segment represents the average orientation of ENG in 
the pellet. Black arrows and the dashed line represent the pressing direction. The 
standard deviation refers to the distribution of ENG orientations observed in 
cross-sectioned pellets. 
 
4.3.1.2 Thermal conductivity 
To assess the possibility for anisotropic transport, thermal conductivity measurements 
were performed on pellets synthesized using different compression directions, as 
previously described. Figure 4.6 shows near-ambient temperature thermal conductivity 
data for MOF-5/ENG pellets having different mass fractions of ENG and orientations 
of the pressing direction with respect to the direction of heat flow. The error bars in 
Figure 4.6 refer to the range of measured values, and not to the standard deviation. This 
range may be traced to variations in sample preparation (e.g., related to the distribution 
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of ENG within a given pellet). The data show that the thermal conductivity of the pellet 
increases in proportion to the ENG weight percent, consistent with our prior findings 
[133]. For example, at 30 °C the thermal conductivities of pellets containing 0%, 5% 
and 10% ENG are 0.08, 0.38, and 0.99 W/mK, respectively, for pellets in which the 
ENG is aligned parallel to the heat flow direction. A similar trend holds for the other 
ENG orientation and at other temperatures. As expected, the highest conductivity (0.99 
W/mK) is found for pellets containing the highest concentration of ENG (10 wt.%), in 
which the ENG is oriented parallel to the heat flow direction. Conversely, neat MOF-5 
pellets have the lowest overall conductivity of less than 0.10 W/m∙K, and this 
conductivity is largely independent of the compression direction. 
 
Figure 4.6. Near-ambient temperature thermal conductivity for MOF-5/ENG pellets 
(0.4g/cm
3
) as a function of temperature, ENG content, and pressing direction. Error 
bars correspond to the range of measured values. 
Figure 4.6 also illustrates that pellets having the same ENG composition, but 
different ENG orientations, exhibit differing thermal conductivities. Pellets with ENG 
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orientations parallel to the heat flow (filled symbols) exhibit conductivities that are 2 to 
4 times higher than in pellets where the orientation is perpendicular (open symbols). 
For the ENG concentrations considered here, this anisotropy appears to be independent 
of the amount of ENG added. Our observation of anisotropic transport in MOF-5/ENG 
composites is consistent with previous reports involving pellets synthesized from pure 
ENG [184]. In that case, thermal conductivities of 1.40 and 3.13 W/mK were measured 
in the axial and radial directions, respectively, consistent with the alignment of 
vermicular graphite perpendicular to the pressing direction.  
 
 
Figure 4.7. Thermal conductivity of 0.35 g/cm
3 
pellets containing 5% ENG formed 
using two orthogonal pressing directions over the temperature range of 80 - 300K. 
Figure 4.7 shows the thermal conductivity measured from cryogenic to room 
temperature (80 K to 300 K). The increasing thermal conductivity at low temperatures 
(80 - 200 K) arises from phonon excitations, while the moderate decrease above 200K 
is due to a reduction in the average phonon mean free path. The sample having ENG 
aligned parallel to the heat flow direction (white sample) exhibits the highest value of 
 
Heat 
flow 
Pressing 
direction 
Pressing 
direction 
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thermal conductivity 0.68 W/m∙K. A much lower maximum conductivity is observed 
0.17 W/m∙K in the case of perpendicular ENG alignment. This factor of four 
improvement in thermal conductivity is consistent with the range we observed for 
room temperature measurements. These data further signify the presence of significant 
transport anisotropies arising from ENG orientation and/or MOF-5 boundary effects 
caused by anisotropic compression. 
The differences in room temperature thermal conductivities obtained with the 
transient and steady-state heat flow method (SSHFM) (0.38 W/m∙K for the transient 
method vs. 0.62 W/m∙K for SSHFM) can be explained by the different sample 
fabrication and measurement techniques. For example, in the stead-steady state 
method Black-body radiation losses are expected to have a larger impact at elevated 
temperatures, leading to some loss in accuracy. These losses are described by the 
Stefan–Boltzmann law,  
       (4.3) 
where j is the total power radiated per unit area, T is the absolute temperature and σ = 
5.67×10
−8
 Wm
−2
K
−4
 is the Stefan–Boltzmann constant. Equation (4.3) indicates that 
radiation at 300 K is 198 times larger than that at 80 K. Therefore the assumption that 
heat transfer occurs solely via conduction [Eq. (4.2)] becomes less valid as temperature 
increases. To minimize the radiation loss across the sample, the length of the sample 
in Figure 4.2c was reduced (by cutting) in order to decrease the heat path length 
between the two steel contacts. However, the cutting process increases the surface 
,4Tj 
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roughness of the pellet, thus introducing uncertainty in ts in eq. (4.2). The Stycast 
epoxy accumulated in the hollow part of the sample will also contribute to the error of 
the calculated thermal conductivity. On the other hand, the transient method employs 
a sample with a very flat surface, as well as Clark and Taylor corrections for radiative 
losses near room temperature [195], leading us to conclude that the latter method is 
more reliable at higher temperatures.  
4.3.2 Pellets with Layered ENG Distribution 
4.3.2.1 Microstructure 
 
Figure 4.8. (Left) Optical microscopy image of a cross-section of a MOF-5 pellet 
containing ~5 wt.% ENG in a layered distribution. The graph shows the cross section of 
pellet after being cut perpendicular to the ENG layers; the top and bottom surfaces of 
pellet are labeled. MOF-5 layers are white, while the ENG layers are black. (Right) 
Schematics showing the orientation of the ENG layers. The dashed rectangle shows the 
cross-sectional plane. 
We also explored direct manipulation of the ENG distribution as a means to improve 
the thermal conductivity in a specified direction. In this case we fabricated 
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MOF-5/ENG composite pellets having a microstructure consisting of alternating layers 
of MOF-5 and ENG. This approach serves as an alternative to the previous approach of 
tuning the ENG particle orientations via altering the pressing direction. Figure 4.8 
illustrates the alternating regions of pure MOF-5 (white) and ENG (black) within such a 
pellet. The pellet contains approximately 5 wt.% ENG distributed amongst 3 separate 
layers. (The field of view in Figure 4.8 contains only one ENG layer.) Each ENG layer 
traverses the entire thickness of the pellets, connecting the top and bottom surfaces, 
potentially resulting in a “shorted” heat conduction pathway in the axial direction. 
4.3.2.2 Thermal conductivity 
The thermal conductivity of the layered pellet was measured at near-ambient 
temperatures using the transient method, as shown in Figure 4.9 (filled rectangles). The 
measured value at 35 °C
 
is 4.35 W/m∙K. In comparison, Figure 4.9 also presents the 
data taken from comparable pellets (filled triangles in Figure 4.6) containing 5 wt.% 
ENG aligned parallel to the (axial) heat flow direction. In the latter case (corresponding 
to homogeneously distributed ENG), the thermal conductivity was 0.30 W/mK at 
35 °C. Therefore, the layered pellet exhibits more than an order of magnitude (~20x) 
increase in thermal conductivity compared to a pellet having a homogeneous ENG 
distribution. As previously mentioned, this impressive jump in thermal conductivity 
can be attributed to the layered microstructure of the pellet. This microstructure 
provides a very efficient, high thermal conductivity pathway, and does so without 
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requiring an increase in the mass fraction of ENG. 
 
Figure 4.9. Thermal conductivity of pellets with two different ENG distributions 
(layered and homogeneous) at near-ambient temperatures. Both pellets contain 
approximately 5 wt. % ENG. Layered pellets contain ENG layers which are parallel 
to the heat flow direction. Data for the homogeneous pellets are reproduced from 
Figure 4.5, and refer to the samples identified as “5% ENG parallel to heat flow.” 
4.4 Conclusion 
Metal organic frameworks exhibit several properties that make them promising 
candidates for applications in gas capture, gas storage, and catalysis. Nevertheless, the 
high porosity of MOFs, and their resulting low intrinsic thermal conductivity, can 
potentially offset these advantages in cases where efficient heat transport is required. In 
this chapter we establish that the high-aspect ratio morphology of second-phase ENG 
additions, combined with uni-axial compression, results in anisotropic microstructural 
and thermal transport properties in composite MOF-5/ENG particles. The presence of a 
textured microstructure having particle boundaries and ENG orientations perpendicular 
to the pressing direction were confirmed via microscopy of pellet cross-sections. 
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Thermal conductivity measurements ranging from cryogenic to ambient temperatures 
indicated that heat transport perpendicular to the pressing direction is 2 to 4 times 
higher than in the pressing direction. Furthermore, we demonstrated that this anisotropy 
could be exploited using two straightforward processing techniques: First, the preferred 
heat flow path can be reoriented by use of a custom die/compression geometry. Second, 
fabrication of a layered microstructure with alternating MOF-5 and ENG layers results 
in a 20x increase in thermal conductivity, at the expense of only minor ENG additions 
(5 wt.%). These data suggest that the magnitude and preferred direction for thermal 
transport in MOF compacts may be tuned by altering the processing conditions and 
nature of the second-phase additions. We speculate that these techniques could also be 
effective in tailoring mass transport (permeation) within MOF composites. 
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  Chapter 5
Kinetic Stability of MOF-5 in Humid Environments: Impact of 
Powder Densification, Humidity Level, and Exposure Time 
5.1 Introduction 
From Chapter 3 we learned that the high surface area and tunable properties of MOFs 
make them attractive candidates for applications such as gas storage, gas separations, 
and catalysis [170-172]. Among the many MOF compounds, MOF-5 has received 
considerable attention due to its ability to store gaseous fuels such as hydrogen at low 
pressures with high gravimetric and volumetric densities [5-9]. In addition, the 
techniques discussed in Chapter 4 for enhancing the thermal transport properties of 
MOF-5 composites will aid in the design of efficient heat exchanging strategies for 
MOF-based systems. 
Despite these promising features, the limited stability of some MOFs with respect 
to reactive species such as water remains a point of concern [196-200]. These concerns 
extend to MOF-5, as its degradation has been observed via x-ray diffraction and 
correlated with decreasing hydrogen adsorption after exposure to humid conditions [59, 
147, 201-205]. For example, Schrock and co-workers observed irreversible 
decomposition of MOF-5 after uptake of 8 wt.% water  [206]. Other studies have
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suggested that the stability of MOFs is related to the composition of the metal site and 
the structure of the metal cluster [207]. Molecular dynamics and first-principles 
calculations have also been used characterize the degradation process in MOF-5.  
These models suggest that adsorbed water interacts more strongly with (Zn) metal sites 
than with the carboxylate linker, and have proposed reaction mechanisms associated 
with MOF hydrolysis [138, 164, 208, 209]. Other models have suggested that MOF-5 is 
relatively stable at low water loadings, indicating that degradation only occurs when a 
significant concentration of water is adsorbed on the metal cluster[210]. This implies 
that the humidity level will impact the rate of degradation. 
While stability considerations are paramount for applications such as CO2 capture 
from flue gas (which may contain large quantities of water) [211-215], even “clean” 
applications such as the storage of high-purity hydrogen for fuel-cell vehicles may 
present challenges for MOFs. For example, exposure to humid air during system 
assembly or during in-service events such as re-fueling, etc., could contaminate the 
MOF media, thereby reducing capacity and cycle life. In these instances it is important 
to know not only that degradation can occur, but to also quantify the degree of 
degradation and its dependence on operating conditions. This information is essential 
for establishing a material’s “stability window,” which indicates the conditions under 
which suitable performance can be maintained.  
Toward this goal, the present study quantifies the impact of humid air exposure on 
the properties of MOF-5 as a function of exposure time, humidity level, and 
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morphology (i.e., powders vs. pellets). Properties examined include hydrogen storage 
capacity, surface area, and crystallinity. Water adsorption/desorption isotherms are 
measured using a gravimetric technique and exhibit a large hysteresis; the first uptake 
cycle resembles a type V isotherm with a sudden increase in water uptake at ~50% 
relative humidity. For humidity levels below this threshold, only minor degradation is 
observed for exposure times of 2 hours for powders, and 24 hours in pellets. On the 
other hand, irreversible degradation can occur in a matter of minutes at higher humidity. 
FTIR spectroscopy suggests that molecular and/or dissociated water is inserted into the 
skeletal framework after long exposure times. Densification into pellets can slow the 
degradation of MOF-5 significantly, and may therfore present a partial “engineering 
solution” for the limited stability of some MOFs. 
5.2 Experimental Details 
5.2.1 Materials Preparation 
MOF-5 powder was provided by BASF, and was synthesized using a process described 
previously [180]. In some cases expanded natural graphite, ENG (SGL Group), was 
added at moderate levels to MOF-5 as a means to improve thermal conductivity [133, 
216]. All storage and handling of the materials was performed in an Ar glovebox. 
Pelletized versions of MOF-5 were also examined, with and without ENG additions. 
Composite MOF-5/ENG pellets were synthesized by adding ENG to MOF-5 to achieve 
pellets having a mass fraction of 5 wt.% ENG. A SPEX 8000M Mixer/Mill was filled 
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with the MOF-5/ENG mixture and shaken in the milling machine for 20 seconds 
without milling balls. The powders were loaded into a cylindrical die with diameter 
equal to 6.35mm, and pressed to a height of 5mm; the resulting pellets had a density of 
approximately 0.36 g/cm
3
. The pelletizing process was performed inside the glovebox. 
Figure 5.1 shows the MOF-5 powders and pellets used during the experiment.  
 
Figure 5.1. MOF-5 morphologies examined. Left: powder; right: pellets. 
Stability testing under humid conditions was performed at 22°C using tworelative 
humidity (RH) levels: 45% and 61%. These conditions were maintained using a gas 
flow system that mixed dry air with water vapor. The flow apparatus employs a 
Bronkhorst W303A Liquid flow controller with a Controlled Evaporator Mixer (CEM). 
The flow rate for dry air was set to 20 L/minute, and the water vapor flow rate was 10.7 
g/h for 45% RH, and 16.9 g/h for 61% RH. These two streams were mixed and 
connected to a large Erlenmeyer flask, which served as a controlled humidity chamber.  
Samples were transferred to the humidity chamber after first being loaded into a bottle 
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within the glovebox. The bottle was placed inside the flask and opened. The bottle 
opening was positioned so as to block the impingement of the humid airflow directly 
onto the sample; this geometry was intended to minimize convection effects, and mimic 
water adsorption from a quasi-static atmosphere. A given sample was exposed for a 
specified time, with exposure times of 30 min., 2 h, 24 h, 48 h and 66 h for powders, and 
30 min, 2 h, 24 h, 66 h for pellets. The mass of the sample used for each measurement 
was approximately 0.37 g. For powders, fresh samples were used for each exposure 
experiment; for pellets, samples underwent a cumulative exposure process in which 
(for example) a pellet exposed for 2 h was removed from the humidity chamber, 
characterized, and then returned to the chamber for another 22 h, to achieve a total 
exposure of 24 h.  
5.2.2 Characterization  
The surface area of MOF-5 powders was measured at 77 K using nitrogen sorption on a 
Micromeritics ASAP 2420. A minimum of 0.5 grams of sample was used during each 
test. Prior to measurement, the sample was evacuated for 8 hours at 200C. Twenty-five 
sample points were taken; the surface area was calculated using the Brunauer–Emmet–
Teller (BET) equation [127] according to DIN 66131 (“Determination of specific 
surface area of solids by means of gas adsorption using the method of BET”) using data 
points within the range 0.05 < p/p0 < 0.2. 
The impact of exposure to humid conditions on hydrogen uptake was assessed using a 
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Sieverts’ apparatus (PCT-Pro 2000, Setaram). As a first step, samples were activated to 
remove any weakly-bound (i.e., physisorbed) water in the material: samples were 
evacuated at room temperature for at least 6 hours, then evacuated and heated to 130C 
over night. Less aggressive activation conditions (evacuation for 4 h at 85C) proved 
sufficient for samples exposed to the lower humidity condition (45% RH) for brief 
intervals (e.g., 30 minutes). These activation conditions represent what could be 
possible for “in service” activation of a commercial MOF-based system after accidental 
exposure or brief (intentional) exposure during system manufacture or assembly.  
Water adsorption isotherms were measured using a gravimetric technique (VTI-SA+ 
Vapor Sorption Analyzer). Samples were first dried by heating for 6 hours at 120C. 
Isotherms were taken at 25C using relative humidity increments/decrements equal to 
10%, with a range spanning from 5% to 85%. Equilibrium was assumed to be 
established when the change in sample mass was less than 0.01% in a 2 minute interval. 
A cycle consisted of a single adsorption followed by desorption. Three cycles were 
completed, and the activation process was applied before each cycle.   
X-ray diffraction (XRD, Rigaku Miniflex II diffractometer using Cu Kα radiation (λ = 
1.5418 Å)) was used to assess changes in crystallinity resulting from exposure to humid 
air. Samples were transferred to the diffractometer in sealed vials. Each vial was opened, 
and the MOF-5 powder was chopped and pressed onto an off axis silicon crystal sample 
substrate. The time between opening the vial and the beginning of the scan was less 
than 30 seconds. Diffraction data was collected over a range of 5-40
o
 2θ at a scan rate of 
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5
o
/min, resulting in a total experiment time of 7 minutes. The sample was then 
immediately scanned a second time in order to observe the degree of structural change 
that had occurred during the initial scan. No change was observed in any of the samples. 
Fourier transform infrared spectrometry (FTIR) was used to assess changes in bonding 
resulting from exposure to humidity. Measurements were made using a Thermo 
Scientific Nicolet FTIR spectrometer. Samples were scanned from 4000 to 600 cm
-1 
with a resolution of 0.24 cm
-1
. Averaging was performed over 128 scans; the time to 
conduct all scans was 5 minutes. Powder samples were loaded and scanned in air. Since 
the scan time was short compared to the exposure time in the humidity chamber, we 
expect that any changes to FTIR peaks primarily reflect effects from humidity exposure 
before the scan.  
5.3 Results and Discussion 
5.3.1 MOF-5 powder 
We first discuss the stability of powder-based samples. Hydrogen uptake isotherms for 
samples exposed to humidity (RH = 45% and 61% at 22C) for various exposure times 
are shown in Figure 5.2. The x-axis specifies the equilibrium hydrogen pressure, and 
y-axis is the excess adsorbed hydrogen in weight percent (wt. %): [m(H2)/m(MOF-5)] x 
100. Experimental data (symbols) are fit (lines) using the Unilan isotherm model [217].  
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Figure 5.2. Excess gravimetric hydrogen uptake in MOF-5 powders as a function of 
relative humidity and exposure time. Top: relative humidity = 45%, T = 22C; Bottom: 
relative humidity = 61%, T = 22C.  Isotherms are plotted before exposure to humid 
air (0 h), and after 5 increasingly longer exposure times: 0.5 h, 1.5 h, 24 h, 48 h and 66 
h. Solid symbols represent experimental data; these data are fit using the Unilan 
isotherm model (solid lines). 
Figure 5.2(a) shows data for the lower humidity level, RH = 45%. For samples exposed 
for the two shortest time periods, 0.5 h and 2 h, the decrease in maximum hydrogen 
uptake is less than 3% compared to the baseline (unexposed) material. This indicates 
that the MOF-5 powders do not undergo “sudden death” when exposed to moderately 
humid conditions for short times. For a 24-hour exposure, the peak in the adsorption 
isotherm also decreases by only slightly (~5%), from 5.7 to 5.4 wt.%. However, more 
significant changes are observed for longer exposures; for example, uptake drops to 
half of that for the pristine material after 66 hours exposure. In contrast, at the higher 
RH value (61%), Fig. 3(b), significant decreases in hydrogen storage capacity appear 
after 2 hours of exposure. After 24 h uptake decreases by approximately 50%, which is 
an order of magnitude larger than the losses seen at RH = 45%. After 48 hours the 
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powder has lost essentially all of its gas storage capability (uptake below 0.5 wt. %).  
Figure 5.2 shows that exposure to humid environments for periods longer than 
approximately ~2 h negatively impacts the adsorption of H2 in MOF-5 powders. Two 
possible explanations for this behavior are: (i.) water molecules preferentially adsorb in 
MOF-5, and thereby block sites for H2 uptake, or (ii.) water molecules react irreversibly 
with MOF-5, for example, by decomposing/insertion into its crystal structure[147, 209]. 
The first scenario is unlikely given that each sample exposed to humid conditions is 
evacuated and heated over night to remove any adsorbed water before hydrogen 
isotherm measurements are performed. Therefore, we hypothesize that the most likely 
explanation for the observed decrease in H2 uptake is an irreversible structure change 
wherein MOF-5 transforms into a new composition/structure that is less amenable to 
gas storage, presumably due to loss of porosity, surface area, etc. 
To test this hypothesis, the BET surface areas of MOF-5 powders with different 
exposure times to the two relative humidity levels were measured, as shown in figure 
5.2. In general, the changes to surface area vs. exposure time & RH follow closely the 
trends seen for hydrogen uptake in fig. 5.2. Prior to exposure, the measured surface area 
was 2355 m
2
/g. For the RH = 45% samples, relatively small changes in SA are observed 
for exposure times up to 48 h. At 66 hours the surface area then drops more 
precipitously to a value which is half (1217 m
2
/g) its initial maximum, which is again 
consistent with the changes observed to the isotherms in fig. 5.2(a). [It is also evident 
that the pellets (discussed in more detail below) exhibit enhanced robustness to 
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humidity; the pellets maintain higher BET surface areas compared to those of powders 
for the same exposure conditions. The surface area of the unexposed pellets 
(corresponding to t = 0 in fig. 5.3) is slightly above that of the unexposed powders due 
that media being sourced from a different batch of MOF-5 material.] In contrast, for the 
RH = 61% samples the BET surface area decreases more rapidly, achieving a value of 
nearly zero (34 m
2
/g) after 66 hours. The declining surface area for both RH values 
indicates that the porosity of the MOF-5 powders is continuously reduced upon 
exposure to humid conditions.  
 
Figure 5.3. BET surface area of MOF-5 powders (filled data points) and pellets (open 
symbols) as a function of exposure time to humid air with relative humidities (RH) of 
45% (square symbols) and 61% (circular symbols). T = 22C in all cases. Data points 
at t = 0 correspond to samples which were not exposed to humidity. 
X-ray diffraction (XRD) was used to assess changes to the crystallinity of MOF-5 
associated with exposure to humidity. Figure 5.4 shows diffraction patterns for MOF-5 
powders as a function of exposure time for the RH = 45% and RH = 61% cases. For RH 
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= 45%, Fig. 5.4(a), during exposures up to 48 hours the only change in the XRD pattern 
(relative to the unexposed material) is a very small shift of some peaks to smaller 
2-theta values, indicating a slight expansion of the crystal[209]. After 66 hours, a new 
peak appears at 2𝜃=9⁰, consistent with the formation of a new phase. The position of 
the new peak is in agreement with prior studies [147], and resembles the pattern for 
ZnBDC•xH2O. (We note that the full crystal structure of the emergent phase has not 
been completely determined [218].) In contrast, for the RH = 61% case the same peak 
appears much sooner, after only 24 hours of exposure, fig. 5.4(b).  Additional changes 
to the diffraction pattern are evident at longer exposure times. Comparing the XRD 
patterns for both RH conditions it is clear that the extent of the change in 
crystallinity/structure with respect to exposure time closely follows the trends observed 
in both the H2 uptake isotherms and the surface area.  
 
Figure 5.4. XRD spectra for MOF-5 powders as a function of exposure time to humid 
air with relative humidities of 45% (top) and 61% (bottom). In both cases T = 22C. 
 
To quantify the amount of water vapor adsorbed by MOF-5, water adsorption and 
desorption isotherms were measured at 25
º
C using a gravimetric apparatus, Figure 6. 
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Here the x-axis represents RH, and the y-axis represents the weight percent 
([m(water)/m(MOF-5)] x 100) of adsorbed water. Three adsorption/desorption cycles 
were performed using the same powder sample. During the first uptake cycle less than 1 
wt.% of water is adsorbed for RH up to 45%. The water uptake then jumps dramatically 
to more than 12 wt.% at RH values between 45 – 55 %. For higher RH the uptake 
saturates at capacities of 12-14 wt.%. This adsorption behavior is consistent with a type 
V isotherm, which is expected for systems exhibiting relatively strong 
adsorbate-adsorbate interactions in comparison to (weaker) adsorbate-adsorbent 
interactions.  
The sudden increase in water uptake in MOF-5 evident in the isotherm over the 
relatively narrow region of RH spanning 45 – 55% explains the dramatic differences in 
H2 uptake, surface area, etc. observed for the two humidity levels (RH = 45 and 61%) in 
the exposure experiments.  These two levels fall, respectively, just below and just 
above the transition region in Fig. 6, indicating that these measurements can be 
rationalized by the sudden increase in the adsorbed water content of the MOF as RH 
increases from 45 to 61%. 
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Figure 5.5. Water adsorption in MOF-5 powder at 25C vs. relative humidity for three 
adsorption/desorption cycles. 
Figure 5.5 also shows that the isotherm for the first adsorption-desorption cycle 
exhibits a large hysteresis; this is because the amount of adsorbed water decreases only 
slightly during the desorption cycle, ~1 wt.%, suggesting a strong chemisorption-like 
binding of H2O to the MOF-5 framework. In the subsequent 2
nd
 and 3
rd
 cycles relatively 
little water adsorption occurs; the sample has lost approximately 2/3 of its water uptake 
ability.  As previously described, these latter cycles were performed following 
separate sample activation steps. Therefore, the low uptake observed for these cycles 
likely reflects the failure of the activation procedure to remove strongly bound H2O 
from the first uptake cycle, in concert with a structure change as suggested by XRD.   
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Figure 5.6. FTIR spectra for MOF-5 powders exposed to air with RH = 61% for 0 h, 
24 h, and 66 h at 22°C. 
FTIR spectroscopy was used to examine changes to bonding in MOF-5 resulting from 
humidity exposure. Figure 5.6 shows the FTIR spectrum for MOF-5 powders exposed 
to air with RH = 61% for 0, 24, and 66 h at 22°C. Prior to FTIR analysis, all samples 
underwent overnight activation (evacuation and heating at 130C) to remove 
physisorbed water. Therefore, changes to the FTIR spectrum resulting from exposure 
should be attributable to irreversible insertion and/or chemisorption of water within the 
MOF-5 crystal structure. Four new/shifted peaks emerge in the spectrum upon 
exposure for 66 h, and are labeled with numbers 1 through 4. These peaks suggest a 
pathway for the reaction of water with MOF-5, and can be assigned to specific bonds 
illustrated in Figure 5.7. At low water loadings, water molecules are expected to be 
physically adsorbed near the Zn cluster, Figure 5.7(b) [210]. Irreversible insertion of 
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water into the framework is expected to occur at higher loadings, and is consistent with 
the emergence of peaks 1 and 2, in which molecular water bonds to Zn, displacing 
oxygen from the linker, Figure 5.7(c). More specifically, peak 1 at 3600 cm
-1
 can be 
assigned to O-H stretching in a water molecule that is adsorbed at a Zn site. Similarly, 
the broad peak from 3400 to 3000 cm
-1
 (labeled ‘2’) can be traced to an O-H stretch, but 
in which the hydrogen also participates in a H-bond, presumably with the displaced 
oxygen attached to the linker. The peak at position 3 arises from C=O stretching in a 
carbonyl group, while peak 4 is also due to C=O stretching, but where the oxygen 
additionally participates in a hydrogen bond, presumably with a hydrogen from 
molecular water.  
Figure 5.7(d)-(e) depict additional reactions that involve the dissociation of water, 
and which based on the FTIR spectrum, we speculate may co-exist. As an initial step, 
hydrogen from dissociated H2O bonds with oxygen from the BDC linker to form 
carboxylic acid, while the remaining hydroxyl group bonds with Zn, Figure 5.7(d). In 
addition, if several carboxylic acids are formed, then two of these groups from separate 
linkers may join to form a dimer structure, Figure 5.7(e); this structure would provide 
another source for peak 4, Figure 5.6. In this case the two participating BDC linker 
fragments are totally disconnected from their respective metal clusters due to water 
insertion reactions.  
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Figure 5.7. (a) Magnification of a portion of the MOF-5 crystal structure. Red 
represents O, blue: Zn, black: C, pink, H. The trapezoid represents the region of 
interest for water interactions with MOF-5, as shown in the lower four panels. (b) 
Physisorption of water near the Zn cluster. (c) Insertion of molecular water into the 
MOF-5 framework via bonding to Zn and displacement of the BDC linker. (d) Water 
insertion and dissociation, resulting in a hydroxyl group bonding to Zn and carboxylic 
acid at the terminus of the linker. (e) An example of a carboxylic acid dimer that may 
contribute to peak 4 in the FTIR spectra. Numbers 1 – 4 refer to bonds associated with 
peaks in the FTIR spectrum in Figure 5.6. 
 
The previous discussion suggests that MOF-5 is unstable in the presence of water. 
This is to be expected based on earlier studies which involved exposure to liquid water 
or more extreme humidity conditions [59, 147]. However, for the moderate humidity 
levels examined here, powders exposed for periods ranging from ~30 minutes to 2 
hours do not experience a significant degradation in surface area or H2 storage capacity. 
This suggests that kinetics play a role in the degradation process. We next examine how 
(a) Portion of MOF-5 crystal structure
(b) Physisorbed water (c) Water insertion (d) Water dissociation (e) Dimer structure
Region o
f interest
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the morphology of the material – i.e., powders vs. pellets – impacts the rate of MOF-5 
degradation in humid environments.  
5.3.2 MOF-5 Pellets 
Our prior studies have found that controlled densification can significantly improve the 
effective volumetric density of gases stored in MOFs, with only minor losses to excess 
gravimetric density [124, 177]. From the standpoint of packaging and system assembly, 
the use of densified morphologies such as pellets or pucks would also present 
advantages compared to the use of powders. In addition, a densified structure may 
present fewer or less facile pathways for the infiltration of water vapor into the MOF, 
potentially reducing the degradation observed for powders. In this section we 
characterize the stability of MOF-5 pellets with respect to humidity, and compare their 
performance to that of powders. 
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Figure 5.8. Excess gravimetric H2 adsorption amount for MOF-5 pellets (density ~0.37 
g/cm
3
) exposed to a humid environment for 0.5h, 2h, 24h and 66h, respectively. (a) 
Pure MOF-5 pellet, RH=45%; (b) Pure MOF-5 pellet, RH=61%; (c) MOF-5/5%ENG 
pellet, RH=45%; (d) MOF-5/5%ENG pellet, RH=61%. Symbols represent 
experimental data, lines are fits to the data using the Unilan isotherm model. 
 
Figure 5.8(a)-(b) shows the excess gravimetric H2 adsorption in MOF-5 pellets 
(density~0.36 g/cm
3
) following exposure to the same two humidity conditions used 
previously for powders (RH = 45% and 61% at 22C). Exposure times were 0.5 h, 2 h, 
24 h and 66 h. Similar to the powder results, increasing the relative humidity from 45 to 
61% has a large effect on the MOF’s hydrogen capacity. For example, H2 uptake in 
pellets is not significantly reduced after 24 h exposure to RH=45%, Figure 5.8(a). 
However, after an identical exposure time at RH=61%, H2 capacity drops by ~50% 
relative to uptake in the unexposed system, Figure 5.8 (b).  Because gravimetric 
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uptake is related to geometric properties of MOFs such as specific surface area and 
micropore volume [219], a loss in hydrogen capacity can also presumably be related to 
a comparable loss in these quantities, as previously discussed. 
Another observation relates to the “kinetic stability” of the densified MOF. Here 
kinetic stability refers to the rate of degradation/decomposition of the MOF at a given 
RH, temperature, and exposure time. We first recall that in powders, Figure 5.2(a), the 
exposure time at which a significant decrease in excess hydrogen uptake was observed 
at RH = 45% was 2 h. In contrast, for pellets a much longer exposure time of ~24 hours 
is required to achieve a comparable loss in H2 capacity. Similar trends hold for longer 
exposure times: powders exposed to RH = 45% for 66 hours exhibit a H2 capacity of 3 
wt.%, whereas for pellets the uptake is significantly higher, 4.1 wt.%, Figure 5.8 (a). 
This behavior also carries over to samples exposed to the higher humidity RH = 61% 
environment: after 2 h exposure, powder MOF-5 has an H2 capacity of 4.9 wt.%, while 
for pellets the capacity is essentially unchanged from that of the unexposed material, 
5.6 wt.%, as shown in Figure 5.2 (b) and Figure 5.8 (b), respectively 
We speculate that the improved resistance of the pellets to water-induced 
degradation results from reduced water permeation into the pellets. Permeation is 
proportional to both the concentration and the diffusivity of water, and in principle the 
higher density of the pellets may impact both of these quantities. Nevertheless, given a 
high enough RH combined with a long exposure time, pellets will ultimately degrade to 
the point where all of their gas storage capacity is lost. The behavior is shown in Figure 
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5.8 (b), where a pellet exposed for 66 h to RH = 61% loses essentially all of its 
adsorption ability. This data indicates that densification can slow – but not stop – the 
degradation of MOF-5 upon exposure humid environments.  
As a final comparison we briefly consider the impact of Expanded Natural 
Graphite (ENG) additions on the stability of MOF-5 pellets. As previously described, 
small additions (5 wt.% or less) of expanded natural graphite (ENG) have been shown 
to improve the thermal conductivity of MOF-5-based pellets, without significant 
penalty to their hydrogen capacity [124, 133, 216]. Given the low intrinsic conductivity 
of MOFs [157], it is conceivable that use of second phase additions such as ENG will 
be a common strategy in applications where heat transfer through a MOF-based 
medium is needed. Our earlier studies have shown that ENG tends to accumulate at the 
interfaces between MOF-5 particles during pelletization [216]. As these interfaces may 
present facile diffusion pathways for water molecules into MOF pellets, we 
hypothesize that interfacial ENG may impede water transport, and thereby slow 
degradation resulting from water entry into the pellet. To test this hypothesis, humidity 
exposure tests were also performed on ENG-containing pellets. Pellets synthesized 
from a physical mixture of MOF-5 and 5 wt.% ENG were exposed to RH of 45% and 
61%, and then subjected to H2 uptake testing, Figure 5.8 (c) and (d). The maximum 
excess gravimetric hydrogen uptake for the composite MOF-5/ENG system is lower 
than that of pure MOF-5 due to the fact that ENG has a lower hydrogen capacity 
compared to MOF-5. Accounting for this effect, we observe that the MOF-5/ENG 
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pellet shows similar robustness to that of the pure MOF-5 pellets, Figure 5.8 (a) and (b). 
5.4 Conclusion 
An important obstacle limiting the commercialization of MOFs is the limited 
robustness of some MOF compositions to reactive species, including water. To 
accelerate the transition of MOFs from lab bench to applications, an understanding of 
the operating conditions under which reasonable performance can be expected – i.e., a 
“stability window” – would be of great value. Toward this goal, in the present chapter 
we have quantified the impact of humid air exposure on the properties of the 
well-known MOF-5 compound as a function of exposure time, humidity level, and 
morphology (powders vs. pellets). Properties examined include hydrogen storage 
capacity, surface area, and crystallinity. Water adsorption/desorption isotherms were 
measured using a gravimetric technique; the isotherms exhibit a large hysteresis 
indicative of chemisorption-like binding of H2O to the MOF-5 framework. The first 
uptake is consistent with a type V isotherm having a sudden increase in uptake at ~50% 
relative humidity. Stability assessments were performed slightly below and above this 
threshold. Below the threshold only minor degradation is observed for exposure times 
up to several hours, indicating that MOF-5 is more stable than commonly thought under 
moderately humid conditions. In contrast, irreversible degradation can occur in a matter 
of minutes at higher humidity. FTIR spectroscopy suggests that molecular and/or 
dissociated water is inserted into the skeletal framework after long exposure times. 
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Densification into pellets was observed to slow the degradation of MOF-5 significantly, 
and may present an opportunity to extend the stability window of some MOFs. 
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  Chapter 6
Water Adsorption and Insertion in MOF-5 
6.1 Introduction 
In Chapter 5 discussed the limited stability of MOFs to humidity [196-200], which 
would, of course, restrict their use in applications such as CO2 capture from flue gas, or 
in contexts where exposure to humid air is likely. Perhaps the best-known example of 
this stability issue is the prototype compound, MOF-5, which has attracted considerable 
attention as a gas storage material due to its high storage densities [124, 133, 180, 188, 
216]. The degradation of MOF-5 has been reported in several studies following 
exposure to humid air [59, 147, 201-205]. For example, Long and co-workers reported 
on the hydrolysis of MOF-5 by measuring the XRD spectrum and hydrogen uptake 
isotherm of a sample before and after exposure to air [147]. Schrock and co-workers 
identified the water loading threshold for degradation of MOF-5; irreversible 
decomposition was observed after uptake of 8 wt.% water [206]. Cychosz et al. 
analyzed the structure of several MOFs following exposure to DMF (2 mL) solutions 
containing 50 to 2000 μL water; they concluded that MOF stability was related to the 
composition and geometry of the MOF’s metal cluster [207].  
Experiments conducted by the present authors observed a sudden increase in water 
uptake (type V isotherm) in MOF-5 – coinciding with a rapid, irreversible structure
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change – upon exposure to air with relative humidity of 50% or higher [220]. Below 
this threshold water uptake was limited, and little structure change was observed for 
exposure times lasting up to several hours. The faster rates of decomposition observed 
at higher humidity levels suggests that the (local) water coverage within the MOF may 
influence the energetics associated with its irreversible hydrolysis. 
Although the limited stability of MOF-5 with respect to water is now well 
established [17-26], the reaction mechanism associated with water-induced degradation 
has been more difficult to uncover. In this regard a small number of studies have 
employed (classical) molecular dynamics (MD) and first-principles calculations to 
characterize the atomic-scale features of this process.  Greathouse and Allendorf 
performed one of the earliest MD studies of the water/MOF-5 system. Using a 
semi-empirical force field, they revealed that adsorbed water interacts more strongly 
with Zn sites than with the carboxylate linker, and that water molecules can insert into 
MOF-5 upon breaking of Zn-O bonds in the metal cluster [138]. Han and co-workers 
subsequently extended this approach by using the ReaxFF force field. This study 
proposed a reaction mechanism associated with MOF hydrolysis in which adsorbed 
water dissociates into an hydroxyl group and hydrogen. Subsequently, the –OH group 
bonds to Zn by breaking the Zn-O bond between the metal cluster and the linker. The 
remaining hydrogen then joins with the organic linker to form carboxylic acid[221].  
In principle, density functional theory (DFT)-based calculations should provide a 
highly-accurate description of the bond-breaking processes present during MOF 
hydrolysis. However, these calculations remain a challenge due to the large number of 
120 
 
atoms in the computational cell (106 atoms in the MOF-5 primitive cell; 424 in the 
conventional cell). For this reason, cluster approximations [164] or structure 
simplifications [166, 208, 210] are commonly adopted to make the calculations 
tractable. For example, Low and co-workers used cluster models of several MOFs to 
examine hydrothermal stability[164]. More recently, De Toni et al. modeled the effect 
of water loading on the hydration process in the simplified MOF-5 analogue, 
IRMOF-0h, in which the benzene ring in the linker was replaced by a linear 
arrangement of two C atoms[210]. Similarly, Bellarosa et al. studied the formation of 
water clusters during the degradation process of MOF-5 using a simplified primitive 
cell containing higher-symmetry linker orientations [208]. 
Building on these earlier investigations, the present study revisits the reaction 
mechanism for MOF-5 hydrolysis using DFT calculations. The primary goal is to 
elucidate the connection between water uptake in MOF-5 and its hydrolysis. This is 
accomplished by calculating the energetics of water insertion as a function of water 
coverage. Distinguishing features of our approach are the use of a van der Waals-aware 
density functional and full treatment of the MOF crystal structure (i.e., without 
structure simplifications or cluster model approximations). As a first step we calculate 
the thermodynamics of water adsorption at various sites in MOF-5. Subsequently, the 
energetics for hydrolysis are evaluated as a function of the local coverage of water near 
the Zn-O insertion point.  Water insertion is found to be exothermic only after a critical 
number of H2O molecules are adsorbed in close proximity on a given Zn-O cluster. This 
finding corroborates experimental observations of an induction period – presumably 
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associated with nucleation of small, adsorbed water clusters – preceding hydrolysis 
[220, 222]. Finally, the reaction pathway for water insertion into the framework was 
evaluated in the presence of explicit, adsorbed water molecules. For coverages where 
insertion is thermodynamically favorable, the barrier for insertion is predicted to be low, 
only 0.17 eV. Such a small barrier indicates the likelihood for rapid hydrolysis at 
moderate humidity levels, in agreement with prior experiments [220]. 
6.2 Computational Method 
Water adsorption and insertion calculations were performed using Density Functional 
Theory [78] (VASP [223, 224] code). Calculations were performed using conventional 
gradient-corrected functionals (PBE-GGA) [82] and with the vdW-DF2 [96] van der 
Waals-augmented functional. The MOF-5 crystal structure was adopted from 
diffraction experiments [225]. The full 3D-periodic crystal structure, based on the 
106-atom MOF-5 primitive cell, was used without cluster approximations or other 
structural simplifications [164, 166, 208, 210]. All calculations were performed with a 
plane-wave energy cut-off energy of 500 eV; the Brillouin zone was sampled at the 
-point. Interactions between core and valence electrons were described using the 
projector-augmented-wave (PAW) method [224] with valence electron configurations: 
Zn: 3d
10
4s
2
; O: 2s
2
2p
4
; C: 2s
2
2p
2
. The climbing image nudged elastic band method 
(CI-NEB) [226, 227] was used to calculate the activation energy barrier for water 
insertion into MOF-5.  Seven NEB images were used to plot the energy profile for the 
reaction pathway.  
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The MOF-5 structure was optimized separately using the PBE-GGA and 
vdW-DF2 functionals in the absence of water by minimizing the atomic forces and 
stresses on the cell with respect to the cell shape, volume, and atom positions. The 
lattice parameters obtained following these relaxations, 26.12 Å (PBE-GGA) and 26.35 
Å (vdW-DF2), are in reasonable agreement with experimental values (25.67-25.89 Å) 
[228].  
To identify favorable locations for water adsorption, a single water molecule was 
placed at several candidate adsorption sites; for each configuration all atomic degrees 
of freedom were relaxed while keeping the cell shape and volume fixed at the value 
obtained from relaxation of the water-free structure using the same functional (GGA or 
vdW-DF2).  The adsorption energy was calculated according to the equation: 
E  = E   − ,      − E   − − 𝑛 E      (6.1) 
Here, E   − ,      refers to the energy for MOF-5 with n adsorbed water molecules, 
E   −  is energy of the empty MOF-5 cell, and E      is the energy of an isolated 
water molecule calculated using a orthorhombic simulation cell with dimensions of 
101112 Å. 
 
6.3 Results and discussion 
6.3.1 Adsorption of Isolated Water Molecules 
Figure 6.1 (a) shows the conventional unit cell of MOF-5. The crystal structure consists 
of BDC linkers and Zn4O metal-oxygen clusters. Five distinct sites were explored for 
water adsorption. These sites are illustrated as large purple spheres in Figure 6.1 (b) and 
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labeled with the greek letters , , , , and . The positions of the sites are consistent 
with those from prior experiments [229] and simulations [230]. The three sites α, β, and 
γ refer to sites on the Zn-O cluster, while δ and ε refer to sites on the benzene ring in the 
linker. Site α is the closest site to the central oxygen in the Zn cluster; this site is also 
equidistant to 3 of the Zn atoms bonded to the central oxygen. Site β is closest to one of 
the four Zn atoms in the cluster, and is equidistant to three of the four oxygens bonded 
to Zn. Site γ is proximate to two oxygens bonded to Zn. On the linker, site δ is centered 
above the face of the benzene ring. Site ε is positioned at the edge of the benzene with 
equal distances to two hydrogen atoms. Table 6.1 lists the number of each type of site 
on a single metal cluster or linker. In total, there are 20 adsorption sites on the metal 
cluster and 12 sites on the linker.  
Table 6.1. Number and location of each type of adsorption site depicted in Figure 6.1. 
Location Site Name 
Number of 
Sites 
 α 4 
Zn-O 
cluster 
β 4 
 γ 12 
Linker 
δ 6 
ε 6 
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Figure 6.1. (a) Conventional unit cell of MOF-5. Red spheres represent Oxygen, blue: 
Zn, grey: C, white: H. (b) Magnification of the metal cluster and organic linker from 
panel (a). The purple spheres represent 5 distinct sites for water adsorption, and are 
labeled with Greek symbols. 
 
Figure 6.2 (a) plots the adsorption energy, E  , for a single water molecule for 
each adsorption site as a function of the exchange-correlation functional employed 
(PBE-GGA and vdW-DF2). The vdW-DF2 functional predicts more exothermic 
binding energies than does the GGA across all of the binding sites. This difference is 
particularly large for the α site, where the binding predicted by the GGA is 
approximately 0.2 eV weaker. The weaker binding observed for the GGA is consistent 
with earlier calculations involving CO2 and CH4 adsorption in MOFs [187, 231, 232], 
and can be attributed to the lack of van der Waals interactions in this functional. More 
generally, the range of binding energies predicted by the vdW-DF2 across all sites (~ 
-0.23 eV) is significantly wider than for the GGA; in the latter case the adsorption 
energies are clustered around -0.15 eV. This trend has also been observed for the 
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adsorption of small molecules in other MOFs [187, 231, 232]. A final difference 
between the functionals pertains to the site preference for H2O adsorption. The α site is 
predicted to be the most stable site for adsorption by the vdW-DF2 functional, whereas 
the GGA predicts the β site to have the largest binding energy. The present calculations 
predict an adsorption energy at the β site of -0.19 eV for the GGA functional; this 
value is in good agreement with the energy (-0.21 eV) predicted by a previous 
computational study [208]. 
Figure 6.2 (b-d) tabulates bond distances between the proximal oxygen atom in an 
adsorbed water molecule and various atoms in the MOF. This is done for adsorption 
sites located on the metal cluster (sites α, β, γ) and as a function of the 
exchange-correlation functional. In all cases the bond lengths are greater than 3Å, 
consistent with a weak, physisorption interaction. Distances predicted by the vdW-DF2 
functional are systematically shorter than those from the GGA; this is expected given 
the larger adsorption energies reported in Figure 6.2 (a).  
    Another recent computational study of water adsorption in a simplified model of 
MOF-5 (IRMOF-0h) found a much shorter O(water)-Zn distance of 2.0 Å [210].  The 
shorter distances found in that study are likely an artifact of the structure simplification 
employed there; in IRMOF-0h every benzene in the linker is replaced by two carbon 
atoms. By removing the bulky benzene rings it is conceivable that water molecules can 
gain closer access to the metal cluster. This assertion was verified by performing 
adsorption calculations on IRMOF-0h. Indeed, water was observed to adsorb in this 
structure with much shorter bond distances of 2.57 Å. Additional comparisons with the 
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IRMOF-0h structure used in Ref. [210] are provided in Figure C.2 in appendix C. 
 
Figure 6.2. (a) Calculated adsorption energies for water as a function of 
exchange-correlation functional and adsorption site in MOF-5. (b-d) Calculated 
distance from proximal O in an adsorbed water molecule to various atoms in MOF-5 
for adsorption sites located on the metal cluster (sites α, β, and γ). 
 
 
6.3.2 Adsorption of Multiple Water Molecules 
In reality, multiple water molecules can be adsorbed simultaneously on MOF-5 upon 
exposure to humid air. According to our previous study [220], the saturation water 
loading in MOF-5 is ~13 wt.% when exposed to air with relative humidity exceeding 
50%. Assuming all water molecules preferentially fill the most energetically favorable 
adsorption sites (α, β, γ sites residing on the Zn-O cluster), this loading corresponds to 
the adsorption of approximately 5 water molecules per metal cluster. We aim to 
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determine the dependence of water adsorption energies on the Zn-O cluster as a 
function of coverage and adsorption geometry. To accomplish this, multiple water 
molecules were placed at α, β, and γ sites on the same Zn-O cluster. Coverages of 1 to 4 
molecules were examined. We adopt a naming scheme where the number and identity 
of filled sites specifies the coverage and adsorbed configuration. For example, the 
configuration identified as “αα” contains two water molecules adsorbed on α sites. 
Similarly, “αβγ” corresponds to a configuration where three water molecules are 
adsorbed in α, β, and γ sites simultaneously. Given the large number (~1,300) of 
possible configurations for even a small number of adsorbed molecules (4) on a single 
Zn-O cluster, a systematic enumeration of all configurations was not attempted. Rather, 
a subset of configurations in which the adsorbed molecules were clustered (i.e., 
adsorbed at predominantly adjacent sites) was explored. Our preference for these 
configurations is based on the expectation that water-water interactions are 
energetically favorable at higher coverages [208].  
From Figure 6.1(a) we observe that site α has the lowest adsorption energy for a 
single water molecule. If water molecules interact weakly, then we expect that only α 
sites will be filled. Figure 6.3 compares the total adsorption energies for the lowest 
energy adsorbed configurations identified by our search to configurations in which only 
α sites are filled. For the highest loading considered, 4 water molecules, the total 
adsorption energy assuming only α sites are occupied is -1.14 eV. For this configuration 
the distance between adjacent H2O molecules is large, 5.74 Å, signaling that H2O-H2O 
interactions are likely weak. In contrast, a configuration in which H2O is adsorbed with 
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the configuration ααβγ yields a lower (i.e., more exothermic) adsorption energy of 
-1.40 eV. In this case the water cluster adopts a more compact arrangement, with 
H2O-H2O distances given by: 2.86 Å (α-β); 4.83 Å (α-γ); 2.97 Å (β-γ). A similar trend 
holds for loadings of 2 and 3 molecules: adsorption is preferred in configurations that 
involve nearby αγ and γγγ sites (on average, the γ-γ distance is 2.9 Å). As anticipated, 
these data suggest that water-water interactions play an important role during the 
adsorption process: incoming water molecules preferentially adsorb at adjacent sites 
rather than filling only α sites, which are more widely separated. This tendency is 
consistent with the type V isotherm measured in our previous study of water uptake in 
MOF-5 [220]; such an isotherm indicates the presence of sizeable water-water 
interactions.  
 
Figure 6.3. Calculated total adsorption energy for water molecules as a function of 
water coverage and adsorption configuration. For each coverage the yellow bar on the 
left represents the adsorption energy in the case where only α sites are filled. Blue bars 
on the right represent the adsorption energy for the most energetically favorable water 
distribution. Adsorption geometries are labeled inside each bar. 
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6.3.3 Water insertion 
Having determined the geometries and adsorption energies for small water clusters in 
MOF-5, we now examine the energetics of water insertion into the framework as a 
function of water coverage. Prior experiments indicate that hydrolysis of MOF-5 
occurs more rapidly at higher water loadings, and is preceeded by an induction period, 
presumably owing to the nucleation of small water clusters [208, 220, 222]. The 
exothermicity for water insertion was assessed by evaluating the insertion energy: 
ΔE = Efin l − Eini i l.(6.2) 
In this expression Einitial corresponds to a low-energy configuration of n adsorbed water 
molecules on a given metal cluster, as previously described. Efinial represents the energy 
of a related structure in which one of the adsorbed molecules is inserted as a molecular 
unit into the MOF by breaking a Zn-O bond. Water insertion will be favorable if 
ΔE < 0.  Several candidate final (inserted) configurations were considered, including 
various displacements and twists of the linker following Zn-O bond scission. ΔE was 
calculated for coverages ranging from 1 to 4 water molecules.  
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Figure 6.4. Water insertion energy in MOF-5 as a function of coverage on a Zn-O 
cluster. The labels within in each bar indicate the configuration of adsorbed H2O before 
insertion. 
 
The insertion energy for water into MOF-5 as a function of coverage is shown in 
Figure 6.4. With only one molecule adsorbed water insertion is endothermic: ΔE =
0.35 eV. Insertion becomes increasingly less endothermic as the size of the water 
cluster grows to 2 or 3 molecules. Finally, insertion becomes exothermic when the 
cluster size reaches 4 molecules, with ΔE = −0.16 eV. The observation that water 
insertion is exothermic only at higher coverages is roughly consistent with 
experimental observations of rapid degradation in MOF-5 upon exposure to air 
containing relatively high concentrations of water (50% relative humidity or higher) 
[220]. As previously described, the water loading determined in those isotherm 
experiments, equal to 13 wt.% or approximately 5 water molecules per metal cluster, is 
close to the loading identified here (4 molecules) and in an earlier GGA-based 
study[208]. Although experiments suggest that degradation is most rapid at a loading 
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equivalent to 5 molecules per cluster, entropic effects could shift some molecules to 
sites on the linker. Such an effect would bring the predicted computational loading into 
even better agreement with experiments.  
 
Figure 6.5. Water insertion process in MOF-5. (a) Magnification of MOF-5 structure 
with 4 water molecules physically adsorbed near the Zn-O cluster. (b) Transition state. 
(c) Final MOF-5 structure containing a Zn-O bond broken via the insertion of a single 
water molecule. The color scheme for MOF atoms is the same as in Figure 6.1(b); O 
atoms in the water molecules are purple to distinguish them from oxygen in the MOF 
(blue). Black dashed lines/text indicate hydrogen bond lengths between H and O in 
adjacent water molecules. Red lines/text illustrate Zn-O bond distances. 
 
The reaction pathway for water insertion is illustrated in Figure 6.5; the energy 
profile for this pathway is plotted in Figure 6.6. The initial state for the reaction is 
shown in Figure 6.5(a), where four water molecules are physically adsorbed at α, α, β, γ 
sites, which is the same low-energy configuration reported in Figure 6.3. (This 
configuration is also depicted as the first image in Figure 6.6, where its energy is 
assigned a value of zero.) Upon approaching the transition state, shown in Figure 6.5(b) 
(image 4 in Figure 6.6), the water molecule occupying the β site migrates towards the 
Zn atom. Finally, Figure 6.5(c) represents the final state where the water has been 
inserted into the framework by breaking a Zn-O bond. The inserted molecule forms a 
(a) Initial structure (b) Transition state (c) Final structure
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new bond of length 2.1 Å between Zn and O(water). The original (now broken) 
Zn-O(MOF) bond lengthens to 2.7 Å from its initial value of 2.0 Å. The O(MOF) 
stranded by water insertion subsequently forms a double bond with its neighboring C, 
forming carbonyl group. Meanwhile the 3 adsorbed water molecules remain in close 
proximity to the inserted molecule, forming a “water chain” with inter-molecular H-O 
distances of 1.7 to 2.3 Å. These distances are consistent with inter-molecular H-O bond 
lengths typical of hydrogen bonding in water, ~2.0 Å. The formation of such a water 
chain has also been discussed in prior studies [208, 210]and is expected to stabilize the 
transition and/or hydrolyzed states.  
 
Figure 6.6. Calculated energy barrier for the insertion of a water molecule into 
MOF-5. The insertion process breaks a Zn-O bond, and occurs in the presence of 3 
additional adsorbed water molecules adsorbed on the metal cluster. 
 
Returning to the energy profile for water insertion (Figure 6.6), we note that the 
activation barrier for this process is small, only 0.17 eV. Our barrier is in qualitative 
agreement with the 0.08 eV barrier reported in Ref. [210]. The slightly smaller barrier 
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reported in Ref. [210] may be an artifact of the hypothetical IRMOF-0h compound used 
in that study. A comparison of water adsorption distances in MOF-5 and IRMOF-oh is 
provided in the Appendix C.  
The calculated activation energy for water insertion is used in conjunction with 
classical rate theory to estimate the time required for hydrolysis of MOF-5 upon 
exposure to humid air under conditions similar to those used in our recent experimental 
study[220]. In that study, MOF-5 powders exhibited negligible surface area and 
hydrogen uptake capacity after 48 hours of exposure to humid air with 61% relative 
humidity (RH).  
The number of water molecules inserted into one gram of MOF-5 in time t can be 
written as 
𝑁 = 𝑝𝐴𝑍𝑡 ∙ exp (−𝐸𝑎/𝑘𝑇) (6.3) 
Here A is the specific surface area of MOF-5 (3,800 m
2
/g [233]), Z represents the 
number of collisions/adsorption attempts between gas phase water molecules and the 
pore surface of MOF per unit area-second, p is the probability that adsorbed water 
occupies sites with a loading and configuration amenable to insertion (such as the 
low-energy ααβγ configuration described above), and Ea is the activation energy for 
insertion from that configuration. Additional details regarding this calculation are 
provided in the Appendix C.  
The rate theory calculation indicates that for a loading of 4 water molecules per 
cluster, on average approximately 290 hours of exposure time is needed for water 
insertion to occur. This estimate is in reasonable agreement with the exposure time (~48 
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hours) needed to significantly degrade the surface area and hydrogen uptake properties 
of MOF-5 powders [220] at a slightly higher loading of 13 wt.% H2O (equivalent to 
about 5 H2O molecules per cluster) which is the saturation coverage resulting from 
exposure to air with RH = 61% [220]. Moreover, our estimate is likely an upper bound 
to the time needed for hydrolysis, as it relates only to a specific local loading and 
adsorption geometry (ααβγ); it is likely that other configurations and higher loadings 
also lead to water insertion. For example, the GGA-based calculations of Bellarosa et al. 
[208] revealed that water insertion was barrierless for local coverages of 5 H2O 
molecules. 
The mechanisms considered above all relate to the insertion of water in molecular 
form. In addition, calculations were preformed to examine the energetics for  
dissociative water insertion. For this scenario, a relaxed structure was generated in 
which the original Zn-O bond present in MOF-5 was broken and replaced by 
Zn-OH(water) and O–H(water) bonds. However, the energy of this hypothetical 
structure was found to be much higher (~1 eV) compared with that of the initial 
structure, indicating water dissociation is not energetically favored in this configuration. 
This is consistent with the findings of Ref. [208], who reported that dissociative 
insertion was moderately endothermic (0.8 eV) relative to a meta-stable physisorbed 
state. 
6.4 Conclusion 
Enhancing the robustness of metal-organic frameworks to water and other reactive 
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species remains an unmet challenge in translating these materials from the lab bench to 
practical applications. Understanding the processes responsible for MOF hydrolysis is 
a prerequisite for the rational design of new compounds with improved stability. 
Toward this goal, the present study has examined the energetics associated with water 
adsorption and insertion into the prototype compound, MOF-5 as a function of 
coverage.  A distinguishing feature of our study is the inclusion of dispersion 
interactions – which are expected to play an important role in molecular adsorption – 
and modeling of the full periodic unit cell of MOF-5. 
A comparison of a van der Waals-aware functional (vdW-DF2) and a conventional 
gradient-corrected functional (PBE-GGA) revealed important qualitative and 
quantitative differences regarding the energetics and site preference for water 
adsorption. The vdW-DF2 functional favors water adsorption on the SBU, rather than 
on the linker. This differs from the trend predicted by the PBE-GGA, which exhibits a 
more uniform distribution of adsorption energies on both the linker, and SBU.   
A key finding of our study is that the thermodynamics of water insertion into 
MOF-5 is coverage dependent: Insertion becomes thermodynamically favorable only 
when a critical number of water molecules (4 or more) are co-adsorbed as relatively 
compact clusters on the same structural building unit of the MOF. This obervation is in 
good agreement with experimental measurements, which show that hydrolysis is slow 
at low water coverages and is preceded by an incubation period; we speculate that the 
latter process owes to the nucleation and growth of water clusters of sufficient size on a 
given SBU. Once a sufficient coverage has been achieved, the insertion of molecular 
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water into Zn-O bonds proceeds with a low activation barrier, consistent with a rapid 
hydrolysis reaction.  
Our calculations lend further support to the notion that the rate of MOF 
degradation depends strongly on the operating environment.  While it is now clear that 
some MOFs are unstable to hydrolysis in an absolute sense, under low-to-moderate 
humidity conditions the rate of hydrolysis can be slow enough to allow exposure for 
several days without significant degradation. Efforts to expand this “stability window” 
to higher temperatures and humidity levels will benefit from the mechanistic 
understanding provided by this study. 
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  Chapter 7
Stability of MOF-5 in a Hydrogen Gas Environment with Expected  
Fueling Station Impurities 
7.1 Introduction 
In Chapters 5 and 6 we learned that as a zinc-based MOF containing carboxylate linkers, 
MOF-5 is susceptible to chemical degradation in humid conditions. This is a 
consequence of the relatively weak metal-ligand bond between Zn and O [138, 147, 
164, 202, 203, 208-210]. In addition to humidity-induced degradation, some MOFs 
exhibit stability issues with respect to common impurities in hydrogen fuel streams. 
Studies have identified MOFs that are unstable in the presence of high concentrations 
of hydrogen sulfide[234-236], ammonia[237-239], and other impurities in industrial 
gas streams [240, 241]. In most cases, MOF degradation is manifested as a decrease in 
storage capacity due to a reduction in the surface area and pore volume, change in 
long-range crystal structure or local chemical bonding[138, 147, 164, 220]  
While most studies have focused on scenarios in which MOFs are exposed to high 
concentrations of harmful impurities, these environments are far more severe than what
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would be typically encountered in an on-board hydrogen storage system. As is the case 
for semiconductor and Li-ion battery production, strict environmental controls can be 
implemented at the production and packaging phases. Once installed in a vehicle 
hydrogen storage materials would be subjected only to impurities in the hydrogen fuel 
stream itself.  
Table 7.1. Impurity test gas mixtures used in this MOF-5 study. 
Gas 
Mixture 
Impurity 
Test Gas 
Concentration 
J2719 Threhold 
Limit 
Cycle 
Test 
Storage 
Test 
  ppm ppm   
1 NH3 7 0.1 Y N 
2 H2S 1 0.004
a
 Y Y 
3 HCl 9 0.05
b
 Y N 
4 H2O 8 5 Y Y 
5 
CO 2 0.2 
Y N 
CO2 5.7 2 
CH4 8.3 2
c
 
O2 9.6 5 
N2 119 100 
He 505 300 
Not 
Tested 
HCHO - 0.01 - - 
Not 
Tested 
HCOOH - 0.2 - - 
a
 Total sulfur category in J2719 includes hydrogen sulfide (H2S), carbonyl sulfide 
(COS), carbon disulfide (CS2) and mercaptans 
b
 Total halogenates category in J2719 includes hydrogen bromide (HBr), hydrogen 
chloride (HCl), chlorine (Cl2) and organic halides (R-X) 
c
 Total hydrocarbons category in J2719 includes ethylene, propylene, benzene, phenol 
(paraffins, olefins, armoatic compounds, alcohols, aldehydes). 
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Hydrogen gas from the fueling station is required in the US to be is compliant to 
fuel quality standards outlined in SAE J2719[242]. (The international standard ISO 
14687-2 provides identical purity standards.) Impurity limits set by J2719 are driven 
primarily by the need to protect the catalyst and polymer electrolyte components in the 
fuel cell stack. As a result, threshold limits for ammonia (0.1 ppm), carbon monoxide 
(0.2 ppm), sulfur species (0.004 ppm), and halogenates (0.05 ppm) are exceptionally 
stringent.  Complete threshold limits are summarized in Table 7.1. Although SAE 
J2719 does recognize impurities that are known to poison and/or deactivate 
conventional metal hydride-based storage materials (e.g., CO and O2), the impact of 
impurities on adsorbent materials such as MOFs are currently not accounted for.  
The identity and concentration of impurities in the hydrogen fuel stream depends on the 
hydrogen production method. For example, hydrocarbons, carbon monoxide, and 
sulfur species are more likely to be present in hydrogen produced by steam methane 
reformation, the predominant method. Field data from existing hydrogen stations 
confirms that the J2719 impurity limits are achievable although some station samples 
still exceed the requirements[243]. Nitrogen, oxygen, and water are contaminants 
likely to leak in from the atmosphere during refueling process itself.  
To our knowledge, no systematic studies exist regarding the chemical stability of 
MOFs after exposure to hydrogen streams containing impurities identified in J2719. 
The use pattern of the hydrogen storage system will strongly influence the mechanism 
by which degradation can occur. For example, if a MOF-based system is cycled 
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frequently at cryogenic temperatures (i.e. cycling), it may accumulate the more 
strongly-bound impurity species by selective adsorption, potentially reducing the 
available storage capacity for hydrogen molecules. However, chemical degradation 
side-reactions involving the adsorbed impurities will proceed slowly at cryogenic 
temperatures. For MOFs stored at higher temperatures for extended periods (i.e. 
storage), chemical side-reactions will proceed faster, but the accumulation of 
impurities will be considerably smaller.    
In this study we examine the degradation potential of 10 impurities listed in SAE 
J2719. These impurities were mixed with nominally pure hydrogen gas at a 
concentration of up to several ppm, and include: NH3, H2S, HCl, H2O, CO, CO2, CH4, 
O2, N2, and He. We subject MOF-5 powder samples to these gas mixtures for pressure 
cycle testing at 77 K, and ambient temperature static exposure testing for 1 week. The 
hydrogen storage capacity of the MOF-5 is tested at regular intervals during the 
pressure cycling, and is tested at the start and end of each static exposure test.  Powder 
XRD and FTIR spectra of the MOF-5 are collected on the post-test samples to check for 
changes in the crystal structure, and confirm the absence of new phases. The results 
indicate that common hydrogen fuel impurities at low levels do not lead to significant 
degradation of MOF-5 powder in either the pressure cycling or ambient static exposure 
tests.  
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7.2 Experiment detail 
7.2.1 Materials preparation 
MOF-5 powders were synthesized by BASF at room temperature using a procedure 
described by Yaghi and coworkers starting from 1,4-benzene dicarboxylic acid 
(H2BDC, C8H6O4, Merck), zinc acetate dihydrate (Zn(CH3COO)2·2H2O, Merck), 
and N-dimethylformamide (DMF, BASF AG)[125]. In a glass reactor equipped with a 
Teflon-lined stirrer, 130 g of Zn(CH3-COO)2·2H2O was dissolved in 1200 mL DMF. 
Within 2 h, a solution of 37.5 g of H2BDC in 950 mL DMF was added under vigorous 
stirring. 
The precipitate was filtered off, washed three times with 1 L of dry acetone and 
dried under a stream of flowing nitrogen. Given the low vapor pressure of DMF 
(approximately 4 torr at 25 
o
C), solvent exchange to an acetone (vapor pressure of 
approximately 270 torr at 25 
o
C) has been shown to be an effective method for solvent 
removal. Prior to testing and characterization, MOF-5 was heated and evacuated at 130 
oC overnight, yielding the desolvated (‘activated’) form of the material.  Following the 
initial removal of solvent, all handling and storage of MOF-5 was restricted to an active 
recirculation glovebox with a high-purity Argon atmosphere. 
7.2.2 Impurity test gases 
The SAE J2719 requirements for fueling stations are summarized in Table 7.2. This 
standard is based on the potential constituents from hydrogen  
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Table 7.2. Estimated maximum impurity accumulation by MOF-5 based on SAE 
J2719 PPM levels 
SAE J2719 
Constituents 
Specificatio
n PPM level 
Maximum 
Accumulation 
(wt. %) 
Potential degradation mechanisms 
After 
300 
cycles 
After 
1500 
cycles 
Water 5 
0.0372
0 
0.186 Pore structure degradation 
Hydrocarbons  2 
0.0148
8 
0.074 Surface area blocking 
Oxygen 5 
0.0372
0 
0.186 No accumulation effect 
Helium 300 
2.2320
0 
11.160 No accumulation effect 
Nitrogen, Argon 100 
0.7440
0 
3.720 No accumulation effect 
Carbon dioxide 2 
0.0148
8 
0.074 Surface area blocking 
Carbon 
monoxide 
0.2 
0.0014
9 
0.007 Surface area blocking 
Total sulfur 0.004 
0.0000
3 
0.0001 
Structure damage possible        
Not significant at accumulation level 
Formaldehyde 0.01 
0.0000
7 
0.0004 No accumulation effect 
Formic acid 0.2 
0.0014
9 
0.007 Not detectable at accumulation level 
Ammonia 0.1 
0.0007
4 
0.004 
Structure damage possible        
Not significant at accumulation level 
Total 
halogenates 
0.05 
0.0003
7 
0.002 
Structure damage possible        
Not significant at accumulation level 
 
143 
 
production. It is improbable that a single production method would result in a mixture 
with all twelve of the contaminants listed in the standard. In addition, preparation of a 
single gas mixture containing all J2719 contaminants is impractical due to the 
interactions of the impurities with each other. For example, hydrogen chloride and 
hydrogen sulfide will react together and with water. Therefore,  five separate hydrogen 
impurity gas mixtures were prepared according to the J2719 levels that could be 
formulated and qualified by the specialty gas company (Airgas). The separate mixtures 
allowed for independent analysis of the effect of each impurity. Formulation and 
qualification of the impurity test gas mixtures at the trace levels in SAE J2719 also 
proved a challenge, necessitating the use of higher impurity levels. Consequently, the 
following 5 gas mixtures were examined (in all cases the balance of gas is H2):  
Mixture 1: Ammonia (NH3), at 5 to 10 ppm 
Mixture 2: Hydrogen sulfide (H2S), at 1 ppm 
Mixture 3: Hydrogen chloride (HCl), at 5 to 10 ppm 
Mixture 4: Water (H2O), at 5 to 10 ppm.   
Mixture 5: Carbon monoxide (CO), at 2 ppm; Carbon dioxide (CO2) at 5 ppm; Methane 
(CH4) at 2 ppm; Oxygen (O2) at 5 ppm; Nitrogen (N2) at 100 ppm; Helium (He) at 500 
ppm. We note that the 6 impurities present in this mixture are presumed to not react 
with each other. 
The delivered impurity test gas levels are shown in Table 7.1. Since the majority of 
these levels exceed the impurity limits defined in J2719, the test gas mixtures used in 
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this study provide a more stringent test of MOF-5 robustness.    
7.2.3 Cycle test procedures 
Pressure cycling protocols utilized in this study borrow from methods previously used 
to study conventional hydride materials [244]. Previous work has established numerous 
cycle test methods. These include intrinsic cycling, where the same hydrogen gas is 
re-used each cycle, and extrinsic cycling, where a fresh aliquot of hydrogen is 
introduced in each cycle. Many of the existing cycle test methods were developed to 
study aging mechanisms unique to metal hydrides, including alloy disproportionation 
and particle breakup. The present study employs only extrinsic pressure cycling, as this 
method best simulates the MOF-5 degradation mechanisms expected in on-board 
hydrogen storage systems.   
Pressure cycle testing at 77 K was performed using an automated manometric 
sorption instrument, following a programmed routine. Each cycle starts with a 5 min 
adsorption period, where a 168 ml reservoir is filled with a fresh dose of 100–105 bar 
impurity gas mixture, which is then expanded into an evacuated sample cell containing 
MOF-5. The empty sample cell has a free space of approximately 15 ml, with the 
MOF-5 sample displacing a volume of approximately 200 µl. At the end of the 5 min 
adsorption period, the sample cell is closed off. The equilibrium pressure at this point is 
in the 75–85 bar range, which corresponds to 5.5–5.8 wt.% excess hydrogen at 77 K. 
This is followed by a 5 min desorption period in which the hydrogen in the sample cell 
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is expanded into an evacuated 1174 ml reservoir. Following the desorption period, the 
hydrogen pressure in the entire instrument is slowly ramped down to 1 bar, and then 
opened to continuous vacuum for 5 min. During the active vacuum period nearly all of 
the adsorbed hydrogen should be removed.  This cycle pattern is repeated 300 times in 
total for each test gas.  Cycling is interrupted approximately every 60 cycles to 
measure the hydrogen adsorption capacity of the sample.  
Pressure cycle tests were conducted for all five test gas mixtures listed in Table 7.1. 
Throughout each period of continuous cycling the sample cell is immersed in a liquid 
nitrogen (LN2) bath, and is allowed to warm up only for the capacity test. To prevent 
MOF-5 powder from being blown out of the sample cell during the repeated desorption 
steps, which involve a large pressure differential, a 2 micron sintered metal filter gasket 
was placed immediately above the sample cell. The filter has a 0.125 inch hole drilled 
in it to allow an internal PRT sensor to extend into the sample cell. Fresh samples of 
MOF-5 powder were utilized for each cycle test. 
An example of the pressure cycling procedure is provided in Figure 7.1. To 
accurately track the adsorbed hydrogen amounts during this particular cycling 
experiment, smaller volumes were employed for both the adsorption (Vr =12.31 ml ) 
and desorption (Vr = 167.63 ml) phases. During the 5 min adsorption phase (labeled A 
in Figure 7.1), the pressure drops to about 26 bar and the adsorbed amount reaches 5.8 
wt. % on average. During the 5 min desorption period (labeled as D in Figure 7.1), the 
average equilibrium pressure is 3.8 bar, which corresponds to an excess hydrogen 
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concentration of 3.2 wt.%. During the 5 minute vacuum period (labeled as V in Figure 
7.1), it is assumed that the hydrogen concentration drops to approximately 0 wt.% 
(although the value was not directly measured).  This confirms that the MOF-5 sample 
adsorbs around 5.8 wt% (excess basis) of hydrogen gas each cycle. Further, the 
hydrogen uptake between the first five and last five cycling periods in this particular 
experiment appears to be unchanged.  
7.2.4 Storage test procedure  
Long-term impurity storage tests were performed for impurity mixtures using a 
manometric sorption instrument. The sample cell containing powder MOF-5 sample 
was charged with the test gas mixture up to an equilibrium pressure of approximately 
40 bar, with the sample cell initially immersed in liquid nitrogen. The sample cell was 
then valved off and allowed to warm to room temperature. It was left under pressure at 
room temperature for 1 week. Storage tests were performed for the H2O and H2S test 
gas mixtures. 
7.2.5 Capacity Test Procedure 
Capacity tests consist of measuring a single hydrogen adsorption isotherm at 77 K, up 
to a maximum pressure of approximately 90 bar.  Hydrogen adsorption measurements 
were performed using a manometric sorption instrument (PCT-Pro 2000, Setaram) with 
an oil-free scroll vacuum pump (Anest Iwata model ISP90).  Free space measurements 
were performed using helium at room temperature for each sample. The sample cell 
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was immersed in a liquid nitrogen bath, with the LN2 level filled to a specific height.  
Excess adsorption amounts were calculated by the standard method[245]. Further 
details on the isotherm measurement methods can be found in Ref [177].  
Initial capacity tests were collected prior to starting the pressure cycling and 
storage procedures. Before being loaded in the sample cell, MOF-5 powder samples 
were degassed to remove any weakly-bound water. Samples were evacuated at room 
temperature for at least 6 hours, then evacuated and heated to 130 °C overnight.  
Final capacity tests were collected at the end of both pressure cycling and storage. 
For pressure cycling, capacity tests were measured approximately every 60 cycles until 
the end of the 300 cycle tests. With the exception of the initial capacity tests, the MOF-5 
samples were degassed only by pulling vacuum on the sample at room temperature (no 
heating) before capacity tests. (For the initial capacity tests the freshly loaded MOF-5 
sample was degassed at 130°C, as described in the previous paragraph.) 
Settings, dose increments and step times were identical for all capacity test 
measurements. Due to the difficulty in switching test gas bottles in the middle of 
storage and pressure cycle testing, capacity tests were performed using the same 
impurity gas mixtures utilized in the corresponding cycle and storage procedures. 
Throughout this document, the unit of weight percent (wt. %) refers to the mass of 
adsorbed hydrogen per 100 g of adsorbent. The mass of adsorbed hydrogen is not 
included in the denominator.  
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7.2.6 XRD and FTIR Characterization 
Powder X-ray diffraction (XRD, Rigaku Miniflex II diffractometer using Cu Kα 
radiation (λ = 1.5418 Å)) was used to assess changes in crystallinity resulting from 
exposure to testing gas containing impurities. Samples were transferred to the 
diffractometer in sealed vials. Each vial was opened, and the MOF-5 powder was 
chopped and pressed onto an off-axis silicon crystal sample substrate. The time 
between opening the vial and the beginning of the scan was less than 30 seconds. 
Diffraction data was collected over a range of 5-40° (2θ) at a scan rate of 5°/min, 
resulting in a total experiment time of 7 minutes. The sample was then immediately 
scanned a second time in order to observe the degree of structural change that had 
occurred during the initial scan. No change was observed in any of the samples. 
Fourier transform infrared spectrometry (FTIR) was used to assess changes in 
bonding resulting from exposure to impurities. Measurements were made using a 
Thermo Scientific Nicolet FTIR spectrometer. A scan range of 4000 to 600 cm
-1
 was 
used, with a scan time of 5 minutes. Powder samples were loaded and scanned in air. As 
demonstrated previously [180], the MOF-5 powders used in this study do not show 
structure change when exposed to air for less than 5 minutes. We expect that any 
changes to FTIR peaks primarily reflect effects from exposure to impurities in the 
testing gas.  
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7.3 Result and discussion 
7.3.1 Maximum Impurity Accumulation 
We first estimate the maximum impurity accumulation that could occur in the MOF-5 
adsorbent bed on a worst-case basis during repeated refueling and operation (see  
Table 7.2). In this scenario, we assume that the impurity concentrations in the fuel 
stream are at the maximum allowable levels in J2719.  Furthermore, MOF-5 is 
assumed to retain 100% of the impurity species dosed into the storage tank at each cycle. 
The tank is filled to 100 bar at 80 K from empty each cycle, and at the end of each cycle 
the temperature is 140 K and the pressure is 0 bar. The results are summarized in  
Table 7.2.  
For this calculation, the storage vessel is assumed to be filled with loosely packed 
MOF-5 powder at a packing density of 0.13 g/cm
3
. Based on previous results [177], the 
hydrogen storage density of powder MOF-5 (with 0.13 g/cm
3
 packing density) at 100 
bar and 80 K is known to be 33 g/L. Since the temperature of the MOF-5 media is 
assumed to rise to 140 K by the end of each fuel cycle, in a real system the less strongly 
bound gaseous impurities (He, N2, O2) will be removed along with the hydrogen each 
cycle (i.e., no accumulation). However the more strongly bound gas species have the 
potential to accumulate as cycling progresses. (For the purposes of illustrating a 
worst-case scenario,  
Table 7.2 assumes all species are retained regardless of their strength of interaction 
with MOF-5.)    
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Worst-case estimates of impurity accumulation amounts are listed in  
Table 7.2.  After 300 cycles the maximum H2O concentration in the MOF-5 pores 
is less than 0.04 wt% (relative to the MOF-5 mass). Previous results have suggested 
that due to the hydrophobic nature of the MOF-5, as manifested in the "S-shaped" Type 
5 isotherm, low concentrations of water are unlikely to have a measurable impact on 
MOF-5 degradation [220].   
Hydrocarbons, carbon dioxide and carbon monoxide are expected to affect 
MOF-5 primarily by occupying active hydrogen sorption sites. They are not expected 
to initiate chemical side-reactions that degrade the crystalline pore structure. After 300 
cycles, however, their maximum attainable concentrations do not appear high enough 
to have a significant effect on the hydrogen storage capacity. Given the lack of test data, 
a cycling experiment using an impurity mixture of He, O2, CH4, N2, CO, and CO2 was 
performed in order to test our analysis.  
The trace impurities with the lowest concentrations (sulfur, halogenates, ammonia, 
formic acid, formaldehyde) accumulate only to levels of 0.0003–0.002 wt.% after 300 
cycles. It is unclear whether such low amounts are detectable, or capable of impacting 
MOF-5 hydrogen storage attributes. Rather than individually test all of these ultra-low 
concentration fuel impurities, we omitted formic acid and formaldyde from the test 
sequence on the assumption that any possible degradation mechanisms would be equal 
to or less than that of the other impurities.   
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Figure 7.1. An example of the pressure cycling procedure shown as excess adsorption 
and pressure versus test time. The lower graph displays the reservoir pressure, plotted 
on a square root scale. The upper axis displays the calculated adsorption amount of 
the MOF-5 sample. Both are plotted versus total elapsed time.  For cycle number 
two. the adsorption phase (labelled A), desorption phase (labelled D) and vacuum 
phase (V) are annotated in the graph. The split x-axis shows the first 5 and last 5 
cycles from this experiment. 
7.3.2 Impurity cycle test  
7.3.2.1 Ammonia  
The ammonia impurity mixture contains a concentration of 7 ppm, roughly 70 times 
larger than the 0.1 ppm threshold in J2719. Hydrogen capacity tests measured on the 
MOF-5 sample during pressure cycling with the ammonia test gas are summarized in 
Figure 7.2(a). The adsorption isotherms after 63, 125, 183, 247, 309 cycles overlap 
exactly (within measurement error), indicating no hydrogen uptake capacity loss after 
pressure cycle testing. 
The powder XRD spectra shown in Figure 7.2 (b), measured before and after cycle 
testing, fails to detect any significant change to the long-range crystal structure due to 
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the cycling. Two small changes are present in the FTIR spectra shown in Figure 7.2 (c).  
The broad and weak peak around 3300 cm
-1 
can be attributed to O-H bond stretching in 
carboxylic acid, and the peak near 1600 cm
-1
 arises from the C=O bond in carboxylic 
acid. A possible reaction signaled by the emergence of these peaks is that the Zn-O 
bond between the metal cluster and organic linker breaks, with an H from NH3 
combining with COO
-
 to form carboxylic acid. Since this kind of reaction may only 
affect a small fraction of Zn-O bonds, a corresponding change in the long-range crystal 
structure is not apparent from the powder XRD spectrum.   
 
Figure 7.2. (a) Adsorption isotherm of MOF-5 powders with test gas mixture 1 
including NH3 as the impurity. Capacity measurement are taken every 60 cycles (b) 
XRD spectra for MOF-5 powders before and after cycle test (c) FTIR spectra for 
MOF-5 powders before and after cycle test. 
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7.3.2.2 Hydrogen Chloride (Halogenates) 
The characterization results of MOF-5 powder before and after pressure cycling with 
hydrogen chloride are shown in Figure 7.3. As noted in Sec. 7.2, the 9 ppm impurity 
concentration of hydrogen chloride in this hydrogen test gas is 180 times larger than the 
0.05 ppm threshold limit in J2719. The hydrogen adsorption isotherms in Figure 7.3 (a) 
indicates a small apparent decrease in hydrogen uptake after 307 cycles. The maximum 
excess H2 adsorption amount at 77 K decreases from 6.0 wt.% to 5.85 wt.% after 307 
cycles.  
Further characterization confirms that this capacity loss can be traced to MOF-5 
structure decomposition. The powder XRD pattern of the post-cycling sample has a 
new peak emerging at 2θ=9o, as shown in Figure 7.3(b) as circled on the graph. This 
peak is known to appear in the powder XRD spectrum for MOF-5 following 
water-induced structure degradation [220]. The emergence of the 9°C peak indicates 
MOF-5 crystal structure degradation. The FTIR spectrum in Figure 7.3(c) shows the 
same impurity-induced peaks at 3300 cm
-1
 and 1600 cm
-1
 that are present in Figure 7.2 
(c). This suggests a common reaction pathway leading to the structure decomposition 
for ammonia, hydrogen chloride, and water impurities.  
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Figure 7.3. (a) Adsorption isotherm of MOF-5 powders with test gas mixture 3 
including HCl as the impurity. Capacity measurement are taken every 60 cycles (b) 
XRD spectra for MOF-5 powders before and after cycle test (c) FTIR spectra for 
MOF-5 powders before and after cycle test. 
7.3.2.3 Water, Hydrogen Sulfide (Sulfur), and Inerts Mixture 
Results for the remaining three mixtures (mixtures 2, 4 and 5 in Table 7.1) are 
summarized in Appendices D, in Figure D.1, D.2 and D.3, respectively. Mixture 2 
contains hydrogen sulfide, while mixture 4 contains water. Mixture 5, which includes a 
set of mostly inert impurity species, is denoted "inerts" for identification. For all three 
of these impurity gas mixtures, there was no measurable change in the hydrogen 
adsorption capacity tests measured during the course of pressure cycling. This confirms 
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that there is no hydrogen capacity loss due to pressure cycling with these impurity 
mixtures.   
For all three impurity mixtures, the MOF-5 structure appears unchanged following 
300 pressure cycles. The powder XRD patterns (Figure D.1(b), D.2(b) and D.3(b)) and 
FTIR spectra (Figure D.1(c), D.2(c) and D.3(c)) collected on the pre-cycling and 
post-cycling MOF-5 samples do not show any significant changes. Since the impurity 
concentrations in Mixtures 2, 4 and 5 significantly exceed the threshold levels specified 
in J2719, we conclude that these contaminants will not impact the adsorption capacity 
of MOF-5 powders within 300 cycles. 
7.3.2.4 Summary of pressure cycling tests 
Figure 7.4 provides a summary of the hydrogen capacity measured during 
pressure cycling tests for all five impurity gas mixtures. It is recalled that each 
hydrogen adsorption capacity test consisted of measuring an excess adsorption 
isotherm at 77 K, using the same impurity gas employed in the ongoing cycling 
sequence. The capacity is therefore defined in terms of the maximum excess adsorption 
at 77 K. The hydrogen capacities plotted on the y-axis in Figure 7.4 are expressed as a 
percentage of the initial capacity measured at the beginning of the cycle testing (i.e., 
capacity at cycle 0). For all five of the impurity gases tested, the capacity retention was 
above 97% after 300 cycles. 
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Figure 7.4. Summary of MOF-5 hydrogen storage capacity at 77 K during pressure 
cycling with impurity gas mixtures. The y-axis indicates the maximum excess 
adsorption amount measured during the capacity test each point during the pressure 
cycling test, expressed as a percentage of the maximum excess adsorption measured 
before the start of the cycle test. 
 
7.3.3 Static exposure tests 
7.3.3.1 Water 
A one week static exposure test was performed at room temperature using the water 
impurity mixture (mixture 4), and was carried out according to the procedure described 
in section 7.2. Figure 7.5 summarizes the pre- and post-storage characterization results 
for this MOF-5 sample. The hydrogen uptake curves shown in Figure 7.5(a) indicate 
that there was no adsorption capacity change following the one week exposure. The 
XRD and FTIR profiles also indicate a stable bonding and crystal structure of MOF-5 
samples following the exposure test. When combined with the earlier pressure cycling 
test results, the static exposure test results confirm that H2O concentrations up to 8 ppm 
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in the hydrogen fuel do not affect hydrogen storage performance of MOF-5 within 300 
cycles and 1 week exposure. According to J2719 standard, the content of H2O should 
be less than 5 ppm, which is even safer for MOF-5 as hydrogen storage material. 
 
Figure 7.5. (a) Adsorption isotherm of MOF-5 powders with test gas mixture 4 
including H2O as the impurity. Capacity measurement are taken before and after 1 
week static exposure (b) XRD spectra for MOF-5 powders before and after static 
exposure (c) FTIR spectra for MOF-5 powders before and after static exposure. 
7.3.3.2 Hydrogen Sulfide (Sulfur) 
MOF-5 was subjected to a one week static exposure test at room temperature using the 
hydrogen sulfide impurity mixture (mixture 2). Figure 7.6 summarizes the 
characterization results of the MOF-5 powder before and after the 1 week storage.  
The hydrogen uptake isotherms in Figure 7.6 (a) indicate no decrease in adsorption 
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capacity. The unchanged peaks in XRD and FTIR in Figure 7.6 (b) (c) also shows the 
very well maintained bond and crystal structure of MOF-5 samples during the exposure 
test. Combining the result of cycle test and static exposure with hydrogen including 
H2S, we can conclude that 0.9 ppm H2S in hydrogen doesn’t have effect on the 
hydrogen storage performance of MOF-5 within 300 cycles and 1 week’s exposure. 
According to J2719 standard, the content of H2S should be less than 0.004 ppm, which 
is much safer for MOF-5 as hydrogen storage material. 
 
Figure 7.6. (a) Adsorption isotherm of MOF-5 powders with test gas mixture 2 
including H2S as the impurity. Capacity measurement are taken before and after 1 
week static exposure (b) XRD spectra for MOF-5 powders before and after static 
exposure (c) FTIR spectra for MOF-5 powders before and after static exposure. 
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7.4 Conclusion 
Hydrogen gas conforming to purity standards outlined in SAE J2719 can contain 
contaminants in the fuel stream. We studied the effect of these impurities on both the 
hydrogen storage capacity and structural stability of the metal-organic framework 
MOF-5. Four impurity hydrogen mixtures were prepared by introducing ammonia, 
hydrogen sulfide, hydrogen chloride, water, respectively. The remaining six (mostly 
inert) impurities were combined into the fifth hydrogen mixture. Only the hydrogen 
chloride mixture yielded a measurable decrease in hydrogen storage capacity (from 6 
wt.% to 5.8 wt.%.) during the course of pressure cycle testing at 77 K. No measurable 
decrease was noted for the other hydrogen impurity mixtures during pressure cycling.  
Cycling with hydrogen chloride amounts also induced small changes to the MOF-5 
crystal structure and local chemical structure. Changes to the chemical bonding 
structure were observed for samples cycled with trace ammonia amounts, but 
corresponding changes to the long-range crystal structure or hydrogen storage capacity 
could not be detected.  Static exposure of MOF-5 to the water and hydrogen sulfide 
impurities had no measurable effect on the sample. The impurity levels used in this 
study actually exceed the J2719 threshold standard by at least of a factor of 10 for each 
contaminant. These results demonstrate that hydrogen from a fueling station compliant 
with J2719 should not impact the performance of MOF-5 in hydrogen storage system 
within 300 cycles and 1 week’s static exposure, thereby providing a robust performance 
for real application.
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  Chapter 8
 Imaging the Microstructure and Hydrogen Permeation in MOF-5 
Pellets 
8.1 Introduction 
The discussions in previous chapters and in the literature suggest that there is a 
rapidly-growing body of information regarding the fundamental, “materials properties” 
of MOF-5.  However, much less is known regarding the properties of MOF-5 
compacts, such as pellets, pucks, or monoliths. These densified forms – which are 
typically formed via the compression of powders – are likely to be the preferred 
morphology for MOF media in a real system as they would allow for ease of handling 
and increase volumetric performance.  
Ideally, the densification of MOF powders should not degrade other aspects of 
performance. For example, densification should not significantly slow the transport or 
permeation of hydrogen within the pellet. Additionally, the microstructure of the pellet 
should be relatively homogeneous, and not contain large variations in density or in the 
distribution of 2
nd
 phase additions intended to enhance thermal conductivity (such as 
ENG).   
An example illustrating the first scenario is the so-called MATI (“modular
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adsorption tank insert”) hydrogen storage system[246]. The MATI system uses 
several large diameter MOF-5 pucks as the storage media. During refilling, it is 
desirable to fill the tank with hydrogen (approximately 5 kg) very quickly, typically in 
less than 5 minutes. The large quantity of hydrogen to be stored, combined with the 
desire to store it rapidly, raises concerns that use of densified media may slow the 
uptake process (compared to a system using powder-based media). In this case it is 
desirable to characterize the hydrogen penetration pathway during adsorption and 
desorption. In situ imaging of hydrogen permeation in MOF-5 pucks could provide 
such information.  
To cite another example, in a large scale MOF-5/ENG pellet it is desirable to 
have a uniform distribution of ENG within the pellet to maximize the enhancement to 
thermal transport.  More generally, maintaining a highly uniform density throughout 
the MOF compact will lead to optimal performance.  
In this Chapter several imaging analysis techniques are used to characterize 
densified forms of MOF-5, such as pucks and pellets. Neutron imaging radiography is 
used to measure the transient hydrogen distribution during adsorption and desorption. 
Neutron tomography reveals the three-dimensional distribution of ENG (expanded 
natural graphite) particles in MOF-5/ENG pellets. Finally, the density of MOF-5 pellets 
are analyzed using x-ray tomography. The application of these imaging techniques 
provides new insights into the properties and performance of densified MOF media. 
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8.2 Method 
8.2.1 Material preparation 
Table 8.1. Sizes and compositions of pellets used in neutron imaging and microCT 
experiments. 
 Diameter (mm) Height (mm) Composition 
Radiography 1 6.35 5 Pure MOF-5 
Radiography 2 & 
tomography 
26.8 10 MOF-5+10% ENG 
MicroCT 31 10 Pure MOF-5 
MOF-5 powder was provided by BASF, and was synthesized using a process described 
previously [180]. In some cases expanded natural graphite, ENG (SGL Group), was 
added at moderate levels to MOF-5 as a means to improve thermal conductivity [133, 
216]. Pelletized versions of MOF-5 were examined, with and without ENG additions. 
Composite MOF-5/ENG pellets were synthesized by adding ENG to MOF-5 to achieve 
pellets having a mass fraction of 5 wt.% ENG. A SPEX 8000M Mixer/Mill was filled 
with the MOF-5/ENG mixture and shaken in the milling machine for 20 seconds 
without milling balls. The powders were loaded into a cylindrical die and pressed. 
Three types of pellets were used during neutron imaging and microCT experiments; the 
diameter and composition of pellets summarized shown in Table 8.1. For pellet density 
characterization experiments, three varieties of pellets were formed from MOF-5 
powders that were pre-filtered using meshes with hole diameters of 2mm, 1.18mm, and 
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0.841mm, respectively.  
8.2.2 Neutron imaging 
8.2.2.1 Facility and sample holder 
 
Figure 8.1. Plan view of the neutron imaging facility at the NIST Center for Neutron 
Research[247]. 
The plan view of the NIST neutron imaging facility used in our experiment is shown in 
Figure 8.1. This facility is located at Beam Tube 2 (BT-2) at the NIST Center for 
Neutron Research. The CNR provides a source of thermal neutrons that is collimated 
using a tapered plug (1 and 2 in Figure 8.1). This conically shaped beam will be nearly 
uniform in intensity across the diameter of the beam at the image plane downstream. 
This type of optical arrangement is generally referred to as pinhole optics. 
Although the CNR produces mostly thermal neutrons there are still a significant 
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amount of high energy neutrons and gamma rays as a byproduct. These high energy 
neutrons and gamma rays represent a background that can be dangerous to electronic 
equipment and to personnel operating the beam line. Therefore, a high energy neutron 
and gamma ray filter is placed directly downstream of the tapered collimator. This filter 
consists of 10 cm of bismuth single crystal cooled to liquid nitrogen (LN) temperatures 
(77 K) (3 in Figure 8.1). Cooling the bismuth dramatically reduces the vibrational 
phonon modes in the crystal, which strongly scatter thermal neutrons. When cooled, the 
crystal becomes nearly transparent (60 % transmission) to thermal neutrons and 
remains nearly opaque to high energy neutrons and gamma rays. 
The filtered beam can then be collimated with a simple thermal neutron pinhole 
located directly downstream of the LN cooled bismuth filter. After the pinhole is a 
rotating drum with four positions (4 in Figure 8.1). Three of the positions have holes for 
additional collimation or filters if needed. These collimators are currently 1 cm, 2 cm, 
and open collimation. The fourth position is used to block the beam when the facility is 
not in use. 
Neutrons and gamma rays scattered out of the beam must be stopped to prevent 
them from becoming a hazard to personnel or to other scientific neutron data collection 
experiments in the CNR. The shielding used to do this is a steel encased mixture of wax 
and steel shot. The high-energy neutrons are turned into thermal neutrons in the wax 
and stopped be the material and the gammas are absorbed by the steel shot (see 5 in 
Figure 8.1). 
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The beam that is now collimated passes out of the drum and into a sealed, 
evacuated aluminum flight tube (6 in Figure 8.1). The flight tube ends right before the 
sample position (7 in Figure 8.1), which is open to air. At the sample position an object 
to be radiographed sits on a rotating and translating stage. Behind the object is 
the neutron camera that is used to digitize the 2-dimensional neutron distribution (8 in 
Figure 8.1). 
Finally the beam is stopped in an appropriately named "beam stop" (9 in Figure 
8.1). The beam stop is necessary since the sample and camera do not stop all of the 
neutrons; in addition high energy neutrons and gammas are still present in the beam. 
Therefore, in the interest of safety the beam stop is designed to stop the unattenuated 
beam (beam without obstructions like the sample and camera). 
 
Figure 8.2. Picture of vessel used in NIST neutron imaging experiment. Dimensions 
are shown in the graph. 
In our experiment, the vessel, sample holder and sample ring are all made of 
stainless steel. The structure and size of the vessel are shown in Figure 8.2.  
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8.2.2.2 Neutron radiography 
 
Figure 8.3. Schematic representation of neutron imaging radiography[247]. 
Figure 8.3 shows a schematic of the neutron radiography  technique. Neutron 
radiographs are the neutron shadows of objects placed in the beam. Using a 2 
dimensional neutron camera the image captured is actually a gray level image where 
the gray level of each pixel is proportional to the number of neutrons that made it 
through the object. The number of measured neutrons is then correlated to the amount 
of neutron scattering and absorbing material in the beam and can be determined from 
the attenuation law known as Beer’s Law: 
                𝐼(𝑖, 𝑗) = 𝐼0(𝑖, 𝑗) ∙ exp (−𝜇𝑡)   .            (8.1) 
In this equation, µ is known as the attenuation coefficient of the material, I0 is the initial 
intensity and t represents the thickness of the material. In this experiment, the value of 
𝜇𝑡 is plotted as the intensity of a data point in the neutron radiography images. The 
attenuation coefficient 𝜇 is also equal to Nσ, where N is the atom density, and σ is the 
total neutron cross section. Generally, when the sample holder is filled with hydrogen, 
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σ includes effects from both MOF-5 and hydrogen gas. We can remove the effect 
from MOF-5 by dividing the filled-sample radiograph by an empty-sample or 
“background” radiograph. The attenuation coefficient of hydrogen at a certain 
pressure can be calculated if attenuated neutron intensity and sample thickness are 
known. The attenuation coefficient of each point on the sample can then be plotted in 
a graph with different colors. The density of adsorbed hydrogen, N, can also be 
determined from 𝜇 = 𝑁𝜎.  
8.2.2.3 Neutron tomography 
By rotating an object 180 degrees, and taking neutron radiographs at defined angular 
positions, a complete 3-dimensional image of the object’s composition can be made.  
For a 2-D slice of a sample shown in Figure 8.4, if the sample is rotated by θ, the 
measured attenuation profile can then be written as Rθ(x’), where x’ is the offset 
distance from the center beam. We can write the following relation: 
𝑅𝜃(𝑥
′) = ∫ ∫ 𝑓(𝑥, 𝑦)𝛿(𝑥𝑐𝑜𝑠𝜃 + 𝑦𝑠𝑖𝑛𝜃 − 𝑥′)𝑑𝑥𝑑𝑦
∞
−∞
∞
−∞
,    (8.2) 
where f(x,y) is the attenuation coefficient at the position (x,y). After the sample is 
rotated by 180 degrees, we can get the complete attenuation profile from detector. Then 
we can use the inverse Radon transform to get the spatial attenuation coefficient f(x,y) 
of the sample[248]. 
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Figure 8.4. Cartoon illustrating the technique of tomography. The sample is colored 
green. The sample is rotated from its previous orientation by a degree of θ. The 
parallel arrays represent the neutron beam[249]. 
 
8.2.3 MicroCT 
Specimens were placed in a 34 mm diameter tube and scanned using a microCT 
(µCT100 Scanco Medical, Bassersdorf, Switzerland). Scan settings were: voxel size 
11.4 µm, 70 kVp, 57 µA, 0.5 mm AL filter, 1250 projections / 180 degrees and 
integration time 500 ms. 
8.3 Results and discussion 
8.3.1 Transient hydrogen distribution 
During the adsorption of hydrogen in a MOF-5-based storage system, hydrogen will 
permeate MOF-5. Neutron imaging radiography was used during the 
adsorption/desorption processes to measure the transient distribution of hydrogen in 
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real time.  
    In the present experiment a small hydrogen storage vessel was used to represent the 
tank. The vessel was filled with small, randomly-oriented pellets of nominally pure 
MOF-5, and hydrogen adsorption/desorption cycling was performed at a temperature 
77 K. The inlet/exit for hydrogen was at the top of the vessel.  
Figure 8.5 shows the transient hydrogen density distribution during adsorption and 
desorption using a color-code scheme (black = low/no hydrogen density; red = high 
hydrogen density). The first panel, Figure 8.5(a) and numbered as frame 77 in a 
time-ordered sequence is dark.  This indicates the presence of little/no hydrogen 
present in the vessel. As the adsorption progresses in the following frames a color 
change is observed in the radiography image, indicating that hydrogen is accumulating 
inside the sample holder.  
A closer look at Figure 8.5 (a) reveals a non-uniform distribution of hydrogen in 
the vessel. For example, the data shows a higher concentration of hydrogen at the top of 
the vessel, where hydrogen enters. Also, there is a higher concentration near the center 
of the vessel (along the central vertical axis) than along the edges. This distribution 
suggests that as hydrogen enters the vessel it is first adsorbed by the pellets near the top 
entrance. It then spreads more slowly from the top to the bottom.  
Figure 8.5 (b) shows the transient hydrogen density distribution during desorption. 
In a small region close to the bottom of the vessel a higher hydrogen density appears to 
be present. This is likely an artifact of small movements of the vessel during the 
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imaging process. 
 
Figure 8.5. (a) Temproal evolution of the hydrogen density distribution in a vessel 
containing MOF-5 pellets during adsorption. (b) Hydrogen density distribution during 
desorption. Red represents high hydrogen density, while black represents low 
hydrogen density. 
 
The transient distribution of hydrogen in a larger MOF-5 puck was also imaged. 
Neutron radiography images for hydrogen uptake in such a puck are shown in Figure 
8.6. Similar to Figure 8.5, black represents low hydrogen density, and red represents 
high density. At low pressure (0.2-0.3 bar) Fig. 8.5 shows that only a small amount of 
hydrogen is adsorbed. When the pressure was increased to 3 bar, the color intensity of 
the radiography image has increased to light blue, indicating increasing adsorbed 
hydrogen density. As the pressure reaches 9.2 bar, the hydrogen density increases 
further. In all frames of Figure 8.6, the hydrogen density appears to be uniform across 
the puck, indicating fast diffusion within the solid. 
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Figure 8.6. Transient hydrogen density distribution of a MOF-5 puck. Red stands for 
higher density, and black stands for lower density. 
To quantify the permeation process in more detail, Figure 8.7 shows the hydrogen 
density as a function of pressure and distance to the center of the pellet. In this 
calculation the pellet is divided into several rings, each with a width of 1mm, inside of 
which the average adsorbed hydrogen density is calculated using the method mentioned 
in section 8.2.2.2. The x-axis represents the distance from pellet center, and the y-axis is 
the calculated adsorbed hydrogen density averaged over a given ring. Data from images 
collected at different pressures are included in the graph. It is clear that the average 
hydrogen density increases as the hydrogen pressure in the sample holder increases. At 
any given pressure the hydrogen density curve is almost flat across the pellet from 
center to rim, indicating uniform adsorption within the pellet. This behavior is 
consistent with the uniformly-colored pellet images shown in Figure 8.6.  
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Figure 8.7. Average adsorbed hydrogen density as a function of hydrogen gas pressure 
and radial distance from pellet center. 
8.3.2 Neutron imaging tomography 
In this experiment, we use a as sample. Figure 8.8 shows a cross sectional image for a 
MOF-5 pellet including 10% ENG obtained from neutron imaging tomography. The 
color bar below the image shows the correspondence between color and attenuation 
coefficient. The attenuation coefficient can be calculated according to 𝜇 = 𝜌 ∙ 𝑁𝐴 ∙
𝜎/𝑀 , where 𝜌  is the density of the material, 𝑁𝐴  is avogadro's number, 𝜎  is the 
neutron scattering cross section, and 𝑀 is the atomic mass of the material. According 
to the calculation, ENG particle has an attenuation coefficient of 0.612 cm
-1
, which is 
represented by blue in the image. It can be seen that ENG particles are distributed 
across the pellet cross section, forming network inside the pellet. This network can 
improve the pellet’s thermal conductivity, as demonstrated by previous studies[133, 
216].   
173 
 
 
Figure 8.8. Tomography of MOF-5/ENG pellet using neutron imaging technique. The 
color bar shows the attenuation coefficient. 
 
8.3.3 Density variation 
The hydrogen storage media in the MATI system consists of densified “pucks” of 
MOF-5. These pucks have been compacted to a nominal density of 0.4 g/cc, which is 2 
to 3 times the density of tapped powder. We expect that the best performance for these 
systems will be achieved when the density variation within the pucks is small. The 
spatial density distribution can be measured using x-ray computed tomography 
(microCT). 
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Figure 8.9. MicroCT tomography images for a MOF-5/ENG pellet, and for several 
pure MOF-5 pellets fabricated using powders filtered with different mesh sizes. Blue 
represents regions of low density, while red represents high density. 
Figure 8.9 shows several microCT tomography cross-sectional images of MOF-5 
pellets having different compositions and pre-treatment conditions. The upper left 
image corresponds to a MOF-5 pellet containing 10 wt.% ENG. Based on the imaging 
analysis, this pellet has a relatively large density variation, as evidenced by the 
presence of regions with either high (red) or low (blue) density. The lower left image 
of a pellet made from pure MOF-5 also shows large density variation.  
To minimize these density variations, a pre-treatment process in which the 
powders are filtered using meshes of different pore diameter was explored. The 
resulting tomography images for the pellets made from filtered powders are shown on 
the right of Figure 8.9. MOF-5 powders for these pellets were filtered with meshes 
having diameters of 2mm, 1.18mm and 0.841mm (top to bottom in Fig. 8.8). No 
obvious extreme density regions are obeserved in the filtered systems. Table 8.2 
summarizes the standard deviations of the densities of MOF-5 pellets synthesized 
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with and without powder filtering. The standard deviation of the pellet synthesized 
from the smallest aperture mesh (0.841mm) is almost 1/3 of the pellet for which no 
pre-meshing was performed. 
Table 8.2. Standard deviation in the density of pellets with different filtering 
pre-treatment. The sizes listed in the left column refer to the aperature size of the 
mesh used to filter MOF-5 powders before pressing into pellets. 
Pellet Std (g/cc) 
No mesh 0.0271 
2mm 0.0246 
1.18mm 0.0114 
0.841mm 0.0107 
 
 
Figure 8.10, Density fluctuation percentage across the cross sections of MOF-5 pellets 
using different pre-meshing treatments. 
The density variation across the cross section of MOF-5 pellets is plotted in Figure 
8.10. Here the rectangular sample cross section was divided into 13 samller regions 
from left to right, and the average density of each region, defined as 𝜌𝑛, was calculated. 
This density was then compared to the average density of the entire cross section, 𝜌𝑎. 
Density fluctuations, F, are plotted along the y-axis, and were calculated using 
𝐹 =
𝜌𝑛−𝜌𝑎
𝜌𝑎
× 100%. If the pellet is very uniform, then 𝜌𝑛 in each region should be 
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very close to 𝜌𝑎, which in turn gives F values very close to 0. Density fluctuations in 
the pellet with 0.841mm and 1.18mm pre-treatment meshing are small, within 2%, 
except for the two regions at the rim. This indicates that making pellet with meshed 
MOF-5 powders can improve the density uniformity. 
8.4 Conclusion 
Metal-organic frameworks (MOFs) are promising materials for use in on-board 
hydrogen storage systems.  In this study we introduce several imaging analysis method 
to characterize densified versions of MOF-5, such as pucks and pellets. Neutron 
imaging radiography is used to characterize the transient hydrogen distribution during 
adsorption and desorption. In these experiments two types of MOF-5 samples were 
examined: small MOF-5 pellets, and larger MOF-5 pucks. The adsorbed hydrogen 
density can be monitored both qualitatively and quantitatively. Neutron tomography 
was used to characterize the ENG network pellets containing 2
nd
 phase additions. 
Finally, microCT was used to analyze density variations within MOF-5 pellets 
synthezied using different compositions and pre-treatment conditions. Pellet made 
from filtered powders exhibited the lowest density variations. The successful 
application of those imaging analysis methods points out potential ways to improve the 
performance of systems based on densified MOF media. 
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  Chapter 9
Conclusion 
Greenhouse gas emissions, air pollution, and fossil fuel exhaustion are driving the 
search for environmentally benign fuels. Among the many possible candidates, 
Hydrogen continues to attract attention as an alternative energy carrier due to its 
abundance and “clean” combustion products (i.e., water). However, storing hydrogen 
efficiently at high densities remains a challenge; traditional hydrogen storage methods 
such as high pressure compression and liquefaction suffer from safety concerns, low 
efficiencies, and high cost. Storing hydrogen in an adsorbent, is a promising solution to 
the hydrogen storage problem.  
Metal Organic Frameworks (MOFs) are popular candidates for hydrogen storage.  
MOFs hold the record for specific surface area, and their structure and composition can 
be varied extensively, resulting in many thousands of known and hypothetical MOFs 
with a wide range of properties. Among these many possibilities, this study has adopted 
MOF-5 as a prototype material since it is the most widely studied MOF and can store 
hydrogen with high gravimetric and volumetric densities. In this thesis we have focused 
on characterizing and improving mass and heat transport in MOF-5 composites. 
9.1 Heat transport in MOF-5
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At the first step we measured the basic thermal properties such as thermal conductivity 
and heat capacity of MOF-5 powders. We learned that the high porosity of MOF-5, and 
its resulting low intrinsic thermal conductivity, can potentially offset its high H2 uptake 
property in cases where efficient heat transport is required. We then established that the 
high-aspect ratio of second-phase ENG additions, combined with uni-axial 
compression, results in anisotropic microstructural and thermal transport in composite 
MOF-5/ENG pellets. Thermal conductivity measurements ranging from cryogenic to 
ambient temperatures indicated that heat transport perpendicular to the pressing 
direction is 2 to 4 times higher than in the pressing direction. Furthermore, we 
demonstrated that this anisotropy could be exploited using two straightforward 
processing techniques: First, the preferred heat flow path can be reoriented by use of a 
custom die/compression geometry. Second, fabrication of a layered microstructure with 
alternating MOF-5 and ENG layers results in a 20x increase in thermal conductivity, at 
the expense of only minor ENG additions (5 wt.%). These data suggest that the 
magnitude and preferred direction for thermal transport in MOF compacts may be 
tuned by altering the processing conditions and nature of the second-phase additions. 
We speculate that these techniques could also be effective in tailoring mass transport 
(permeation) within MOF composites. 
9.2 Robustness of MOF-5 
Regarding the robustness of MOF-5, we explored the effects of humidity and hydrogen 
fuel station impurities on the degradation of MOF-5. 
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We have quantified the impact of humid air exposure on the properties of the 
well-known MOF-5 compound as a function of exposure time, humidity level, and 
morphology (powders vs. pellets). Properties examined include hydrogen storage 
capacity, surface area, and crystallinity. Isotherms were measured using a gravimetric 
technique; we find that the water adsorption/desorption isotherms exhibit a large 
hysteresis indicative of chemisorption-like binding of H2O to the MOF-5 framework. 
The first uptake is consistent with a type V isotherm having a sudden increase in uptake 
at ~50% relative humidity. We then performed stability assessments slightly below and 
above this threshold. Below the threshold only minor degradation is observed for 
exposure times up to several hours, indicating that MOF-5 is more stable than 
commonly thought under moderately humid conditions. In contrast, irreversible 
degradation can occur in a matter of minutes at higher humidity. FTIR spectroscopy 
suggests that molecular and/or dissociated water is inserted into the skeletal framework 
after long exposure times. Densification into pellets was observed to slow the 
degradation of MOF-5 significantly, and may present an opportunity to extend the 
stability window of some MOFs.  
Density functional calculations were used to understand the detailed degradation 
mechanism in MOF-5. Distinguishing features of our calculations are the application of 
a van der Waals-aware density functional and use of the full MOF-5 primitive cell 
without any structure simplifications or approximations. Five distince water adsorption 
sites were investigated. Based on these sites, we then studied different configurations 
containing multiple adsorbed water molecules. Water molecules preferentially adsorb 
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at adjacent sites rather than filling only low-energy, but dispersed α sites, indicating the 
importance of water-water interactions during the adsorption process. We examined 
the energetics of water insertion involving 1 to 4 adsorbed water molecules, and find 
out that the insertion process is energetically favorable, with an energy barrier of 0.17 
eV, when there are 4 water molecules adsorbed on a metal cluster. This study 
contributes to real application by providing important information about water insertion 
threshold, which could be taken into account in real life application. 
In addition to examining the impact of humidity, we also studied the effect of other 
impurities on both the hydrogen storage capacity and structural stability of MOF-5. 
Four impurity hydrogen mixtures were prepared by introducing ammonia, hydrogen 
sulfide, hydrogen chloride, and water. The impurity levels used in this study exceed the 
J2719 standard by at least of a factor of 10 for each contaminant. Our measurements 
show that only the hydrogen chloride-containing mixture yielded a measurable 
decrease in hydrogen storage capacity (from 6 wt.% to 5.8 wt.%.) during the course of 
pressure cycle testing at 77 K. No measurable decrease was noted for the other 
hydrogen impurity mixtures during pressure cycling. Cycling with hydrogen chloride 
impurities also induced small changes to the MOF-5 crystal structure and local 
chemical structure. Changes to the chemical bonding structure were also observed for 
samples cycled with trace ammonia amounts, but changes to the long-range crystal 
structure or hydrogen storage capacity could not be detected.  Static exposure of 
MOF-5 to water and hydrogen sulfide containing gasses found that both impurities 
have no measurable effect. These results demonstrate that hydrogen from a fueling 
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station compliant with J2719 standard should not impact the performance of MOF-5 in 
a hydrogen storage system within 300 cycles and 1 week’s static exposure. 
9.3 Outlook and Future work 
After more than a decade of active research, the discovery of new MOFs continues 
today at a rapid pace. Although the translation of MOFs from the laboratory to use in a 
viable hydrogen storage system still faces many challenges, the ability of MOFs to 
store hydrogen at high densities at low pressure will drive interest in these compounds 
for years to come. As discussed in this thesis, understanding the transport and  
robustness properties of these compounds is essential, as these phenomena will 
strongly impact the cost, efficiency, and manufacturability of systems based on MOF 
media.  
Looking to the future, there are several ways to expand on the present study. 
Regarding thermal properties, more research is needed to develop additional 
improvements to the thermal conductivity. In the present study MOF pellets with ENG 
layers aligned along the axial direction of the pellet were synthesized. The addition of 
horizontal ENG layers to the pellet would be desirable, as it would create a connected, 
3D conducting network. Accomplishing this structuring without degrading the 
hydrogen capacity (i.e., at low ENG loading) could pose a challenge. Synthesizing a 
large quantity of these pellets could also be challenging from a cost perspective; 
reduced cohesion between MOF and ENG particles may lead to less robust pellets 
which are subject to crumbling. An alternative strategy would be to use 
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higher-conductivity materials in place of ENG. This could be done in the presence or 
absence of the orientation/layering strategies demonstrated previously for ENG.  
Finally, MOFs with smaller pore sizes may be intrinsically more thermally conductive 
than the prototype MOF-5 compound studied here. Little is currently known regarding 
the thermal transport properties of other MOFs. Atomic scale modeling of how 
differences in structure across different MOFs correlate with transport could also be 
pursued. 
Regarding the robustness of MOFs, our work has focused on irreversible 
degradation due to chemical attack by reactive species such as water and ammonia. A 
related, but much less studied question pertains to robustness to the activation process. 
Many MOFs are known to retain solvent or salt during synthesis; removing these 
species is the aim of the “activation” step, which typically involves heating and 
evacuation of the MOF.  However, in many cases it is very difficult to remove these 
retained species, or even worse, the MOF can undergo pore collapse during activation.  
An important question is then: why can some MOFs be activated to a pristine state, 
while for others activation is incomplete, or results in pore collapse? Understanding the 
factors that control whether a MOF can be synthesized in pristine form would be a 
major step in the rational design of MOFs for specific applications.
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Appendices 
A. Supporting information for Anisotropic Thermal Transport in 
MOF-5 Composites 
a) Description of pilot-plant pelletizing process 
The pilot-plant pelletizing process involved mixing the MOF-5 powder and ENG 
worms in a drum blender. The drum was rotated until a homogenous mixture was 
achieved. Then the powder mixture was compacted into 6 mm tall, 6 mm diameter 
cylindrical pellets using a mechanical punch. Example pellet morphologies are shown 
in Figure A.1. In some cases the outer surface of the pellets had a gradient of ENG from 
the top to bottom due to smearing of ENG within the mold during pellet extraction. The 
images in the paper show that the ENG gradient on the outer surface is not present 
within the pellet. 
Some breaking of the ENG worms does occur during mixing. It was observed that 
more ENG is broken during the pilot plant mixing process than in the lab mixing 
process. The pilot plant mixture shows ENG coating large conglomerates of MOF-5 as 
shown in Figure A.2. The ENG in both the lab and pilot-plant pellets is distributed 
evenly within the pellets. The ENG gradient shown in Figure A.1 (right) was shown to 
be a superficial effect caused by smearing of ENG on the surface of the pilot-plant press.
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Figure A.1. Pilot-plant pellets 6x6 mm, 5% ENG, density of.391 g/cc with standard 
deviation of 0.013 g/cm
3
. Both top view (left) and side view (right) are shown here. 
 
 
 
Figure A.2. MOF-5 conglomerates surrounded by ENG particles prior to the 
compaction of pellets. 
 
b) Sample preparation and imaging details 
The pellets were cross sectioned in order to observe the orientation and distribution of 
ENG using microscopy. The pellets were firmly stabilized, cut with a very thin, sharp 
blade using evenly applied pressure. Due to the brittle nature of the pellets the sample 
would occasionally partially crumble while being cut instead of allowing for a clean 
slice. To prevent this effect, cross sections were also made by embedding pellets in 
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Epofix or Specifix Resin then slicing with a diamond saw. 
Challenges with obtaining SEM images were due to excessive edge charging, area 
charging and line by line charging. Charging of a sample occurs when there is excessive 
building up of electrons on a sample surface due to a poor electrical ground connection 
between the sample and the SEM sample stage. The presence of charging implies that 
the pellets are poor electrical conductors. To reduce charging the beam current was 
reduced, low vacuum mode was used and/or the sample was coated with either silver 
(Ag) or gold (Au).  In order to create a better ground connection silver (Ag) or carbon 
(C) conductive paint was used in addition to conductive tape.  Coating the sample was 
not necessary when using the low vacuum mode with the Quanta SEM. Pellets exposed 
to air or the SEM chamber environment for an hour or more during the imaging process 
exhibited large fractures and crumbling of the surface. To delay the degradation of the 
sample, each cross section was placed in separate Argon filled vials; sample 
preparation and imaging time was kept to less than one hour. 
c) Pellet characterization: Energy Dispersive X-ray Spectroscopy 
Dark areas were observed in the micrographs within both the lab and pilot-plant 
compact pellets. These areas were predicted to be ENG while the white or gray portion 
was predicted to be MOF-5 based on the images of the individual powders.  To 
confirm the elemental content of the compact pellets Energy Dispersive X-ray 
Spectroscopy (EDS) was used. Elemental maps of the pellet surface were obtained for 
C, Zn and O. The individual maps were overlaid and compared to the original image as 
seen in Figure A.3(a) and 3(b). It was observed that the dark areas, previously assumed 
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to be ENG deposits, correspond to the very carbon dense areas on the map. 
 
Figure A.3. Quanta SEM used to obtain images with red = Carbon, green = Zinc, blue = 
Oxygen (a) Elemental map of lab made MOF-5 + 5wt.% ENG pellet with density of 
0.5019 g/cc (b) SEM image of area mapped for lab pellet. 
 
 
Figure A.4. (a) a lab prepared pellet containing MOF-5 with 5wt% ENG and a density 
of 0.378g/cc embedded in resin and (b) a pilot plant pellet containing MOF-5 with 5wt% 
ENG and a density of 0.378g/cm
3
 embedded in resin. 
 
Figure A.4 (a) and (b) shows a lab pellet and a pilot plant pellet cross section 
analyzed using ImageJ software to confirm the anisotropic orientation of the ENG. The 
angle of ENG relative to the radial orientation is measured then averaged. Eleven pilot 
plant pellets were analyzed and found to have ENG deposits with an average angle of 
27.22° and a standard deviation of 2.8°. Comparatively seven lab prepared pellets were 
analyzed and found to have ENG deposits with an average angle of 23.45° and a 
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standard deviation of 2.6°. The lab and pilot plant were also similar in length of ENG 
deposits with an average length of 0.32mm (STDEV = 0.04) and 0.39mm (STDEV = 
0.08) respectively. 
d) Schematic of pressing geometry for cylindrical pellets 
 
Figure A.5. (Left) Pressing cylindrical pellet along the axial direction. (Right) Pressing 
cylindrical pellet along the radial direction 
 
e) Thermal couple positions for the steady state heat flow method 
 
Figure A.6. Thermal couple positions for the steady state heat flow method
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B. Supporting information for Kinetic Stability of MOF-5 in Humid 
Environments: Impact of Powder Densification, Humidity Level, 
and Exposure Time 
 
Figure B.1. Geometry of humidity chamber for sample exposure. 
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C. Supporting information for Water adsorption on, and Insertion 
into MOF-5 
a) Bond Lengths for Water adsorption in IRMOF-0h 
 
Figure C.1. Crystal structure for the hypothetical MOF, IRMOF-0h, which was used 
to approximate MOF-5 in Ref. [210]. This structure is a simplification of the MOF-5 
structure, wherein the benzene ring present in the MOF-5 linker is replaced with two 
C atoms. Carbon atoms are grey, oxygen is red, and Zn atoms are shown in blue. 
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Figure C.2. Calculated distance between certain atom in water and that in MOF-5 
metal cluster. Results from GGA and vdW functionals are compared. Panel (a) (b) (c) 
correspond to site α, β and γ. 
 
 
b) Estimate of Time Required for Water Insertion into MOF-5 
The hydrolysis rate for MOF-5 can be expressed as a product of two probabilities: 
𝑅𝑎𝑡𝑒 = 𝑃1 × 𝑃2 = 𝑍 ∙ 𝐴 ∙ 𝑃 ∗ exp (−
 𝑎
 𝑇
)    (C.1） 
Here P1 represents the probability for water vapor to be adsorbed in a configuration 
amenable to MOF hydrolysis. This term can be expressed as a product of three 
quantities, Z, A, and P, which are described in further detail below. P2 is he probability 
of insertion into the framework from a given adsorbed configuration, and is related to a 
Boltzmann factor involving the activation energy, exp(-Ea/kT). 
The parameter Z represents the rate at which water vapor molecules (assumed to 
be an ideal gas) collide with a unit area of MOF-5, and is described by the 
Hertz-Knudsen equation [250]: 𝑍 =
𝑃 𝑎   
√2 𝑚 𝑇
 . Here Pwater is the partial pressure of 
water vapor (taken to be 0.025 mBar), m is the molecular mass of water, k is the 
Boltzmann constant, and T is the absolute temperature. Substituting these values yields 
Z = 9.11025 s-1·m-2. The parameter A represents the surface area of 1 g of MOF-5. 
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Based on experimental measurements [233], a value of 3,800 m
2
 is adopted.  The 
product Z·A then gives the number of collisions between water and 1 g MOF-5 per 
second. 
Next we determine the parameter P, which represents the probability that adsorbed 
water exhibits a local loading and configuration favorable for insertion. Our DFT 
calculations indicate that a thermodynamic driving force for insertion exists when a 
minimum of 4 water molecules are simultaneously adsorbed on a Zn-O cluster in close 
proximity, such as in an ααβγ configuration. Here a cluster is defined as the sum of a 
Zn-O structural building unit (SBU) and the 6 linkers connected to that SBU. (As each 
linker is shared with an adjacent SBU, only the half of the linker closest to a given SBU 
is included in that SBU’s cluster.) Each cluster therefore contains 4 Zn, 13 O, 12 H and 
24 C atoms. Using tabulated atomic masses, there are 7.81020 clusters per gram of 
MOF-5. 
The number of molecules of gas-phase air present in the pores of 1 g of MOF-5 
can be determined using the density of air (1.2041 kg/m
3 
at 1 bar), its average molecular 
mass (29 amu), and the specific pore volume of MOF-5 (1.27 cm
3
/g[180]). According 
to the ideal gas law, the ratio of the number of water molecules to air molecules is equal 
to the ratio of partial pressures: nwater:nair = Pwater:Pair.  Together, these data allow us to 
estimate the number of water molecules in the pore: 7.91017. 
The foregoing analysis indicates that the number of MOF-5 clusters is 1000 times 
larger than the number of gas phase water molecules under the stated conditions. 
Assuming that diffusion is fast enough such that any water molecule can access/adsorb 
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on any cluster, then the probability that four molecules adsorb on the same cluster is 
10
-9. Furthermore, the probability that these 4 water molecules fill ααβγ sites is given 
by: 
𝐶4∙
2𝐶4∙
1𝐶12∙
1
𝐶32∙
4  = 0.008, assuming that adsorption can occur on these sites with equal 
probability. Here, the terms 𝐶𝑛
  refer to the number of combinations associated with 
filling k sites out of the n available on a given cluster. In the numerator the subscripts n 
reflect the fact that each cluster contains 4 α sites, 4 β sites, and 12 γ sites. (The 
subscript ‘32’ in the denominator counts the total number of adsorption sites, including 
 and  sites on the linker.) Finally, the total probability for four water vapor molecules 
to be adsorbed at ααβγ sites is: P = 10-9 · 
𝐶4∙
2𝐶4∙
1𝐶12∙
1
𝐶32∙
4  = 8*10
-12
. With this, we now have 
enough information to evaluate equation (C.1).  
According to our previous experiments [220], water uptake of MOF-5 saturates at 
12 wt.%. This water does not desorb when the relative humidity is subsequently 
lowered, indicating that the uptake is irreversible. Water uptake coincides with the 
emergence of new peaks in the MOF-5 x-ray diffraction pattern and FT-IR spectra; it is 
therefore highly likely that this water has been inserted into the MOF-5 crystal structure 
via hydrolysis. For 1 g of MOF-5, the expected saturated water loading is 0.0072 mols, 
or N = 4.04*10
21
 molecules. Dividing this loading by the rate (equation (C.1), yields an 
estimate for the average insertion time, t = N/rate = 286 hours.  
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D. Stability of MOF-5 in a hydrogen gas environment with expected 
fueling station impurities 
a) Hydrogen uptake isotherm at 77K for 300 cycles, XRD and FTIR spectra of 
H2S as impurity 
 
Figure D.1. (a) Adsorption isotherm of MOF-5 powders with test gas mixture 2 
including H2S as the impurity. Capacity measurement are taken every 60 cycles (b) 
XRD spectra for MOF-5 powders before and after cycle test (c) FTIR spectra for 
MOF-5 powders before and after cycle test. 
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b) Hydrogen uptake isotherm at 77K for 300 cycles, XRD and FTIR spectra of 
H2O as impurity 
 
Figure D.2. (a) Adsorption isotherm of MOF-5 powders on with testing gas mixture 4 
including H2O as the impurity. Capacity measurement are taken every 60 cycles (b) 
XRD spectra for MOF-5 powders before and after cycle test (c) FTIR spectra for 
MOF-5 powders before and after cycle test. 
 
c) Hydrogen uptake isotherm at 77K for 300 cycles, XRD and FTIR spectra of 
gas mixture 5 
195 
 
 
Figure D.3. (a) Adsorption isotherm of MOF-5 powders on with testing gas mixture 5 
including CO, CO2, CH4, O2, N2, and He as the impuritiesy. Capacity measurement 
are taken every 60 cycles (b) XRD spectra for MOF-5 powders before and after cycle 
test (c) FTIR spectra for MOF-5 powders before and after cycle test. 
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